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1. 
GENERAL INTRODUCTION 
 
 
The oceans in their vast expanses cover seven-tenths of the Earth's surface and in 
their deepest reaches extend downwards into the Earth's crust to some 11000 meters 
below sea level. At first sight, this huge oceanic environment could seem uniform and 
homogeneous. In fact, this apparent uniformity conceals an extremely wide collection of 
different sub-environments, characterised by peculiar and always variable chemical and 
physical properties. Temperature, density, salinity as well as nutrient composition and 
concentration greatly differ from one oceanic portion to another, their gradients being 
created primarily by dynamic phenomena such as water mass horizontal movements and 
vertical stratification. On the other hand, chemical and physical gradients themselves 
are responsible for mixing processes and partially determine water motions (Tomczak & 
Godfrey 2001). Continuous water exchanges between different geographical zones as 
well as vertical fluxes within the water column are essential for differentiation and 
maintenance of the extremely wide amount of extant marine habitats.  
As a main biological consequence of such a variability in oceanographic 
conditions, which includes marked changes in pressure, salinity, temperature as well as 
light penetration, dissolved gases and suspended matter concentration throughout the 
water masses, the ocean is not evenly populated throughout its extent. The density and 
total volume of living organisms are greatest in coastal waters and at the surface, and 
decrease rapidly with depth in the waters of the open ocean. Moreover, vegetable and 
animal organisms can move through several habitats characterised by different 
ecological parameters and change habits in the course of their lifetime in order to satisfy 
mutable requirements occurring in various phases of their lifecycle in a movable 
medium (Sumich 2004). 
 
1.1 Animal movements in the ocean
The marine environment provides an incredible wealth and variability of 
examples of animal movements at all the life-stages (larvae, juveniles, adults). These 
movements range from very short to incredibly long distances, being either along the 
coast or across the ocean, on the sea surface and within the water column as well. Many 
of these simply serve to broaden the population distribution area, without having a 
return-trip and a periodic characterisation, and have to be considered as dispersion 
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movements (Feral 2002). The wide-scale spread performed by planktonic organisms, 
including larval life-stages of benthic or nektonic organisms, belongs to this category. 
As the plankton comprises all those small drifting organisms which have only feeble 
powers of locomotion and are supposed to be almost completely passive, its movement 
pattern and distribution turn out to be heavily forged by ocean circulation and related 
features. These sea surface dwellers are drifted both along local coastal currents (e.g. 
tides) and within the large scale course of main water flows. Transported by the current 
circulation, vast organism assemblages concentrate in specific areas such as oceanic 
fronts and convergence zones (Olson et al. 1994), where seasonal variations of water 
physical and chemical properties create conditions suitable for nutrient concentration as 
well as for the blooming of primary producers and development of higher trophic levels.  
On the other hand, many animals, mostly strong swimmers and skilful flyers, 
carry out true migrations. These are directional movements which are at least partially 
active and take place periodically between ecologically different habitats that meet the 
specific requirements of the various phases of organisms’ lifecycle (Baker 1978; Dingle 
1996). Many species migrate to reach places appropriate for reproduction and offspring 
rearing, or in search of profitable feeding regions. Among migrant animals we can find 
both vertebrates (e.g. salmons, eels, whales, sea turtles and birds) and invertebrates (e.g. 
several cephalopods and crustaceans). A general description of some of the most 
representative examples, is provided below. 
Although most migrations develop basically on a horizontal plane (between 
different geographical areas), a very important migration occurs along the water column 
(i.e. in the vertical plane), which is named the Diel Vertical Movement (DVM). This 
movement, covering tens to hundreds of meters, is performed by zooplanktonic 
organisms, which, in the case of Nocturnal DVM, descend to greater depths to avoid 
their predators during daytime and by night reach shallower photic waters, where 
phytoplankton is abundant and food is concentrated. The extreme importance of this 
migration rises from the enormous amount of organisms involved (mainly adult 
invertebrates and larval stages of both invertebrates and fishes) and from the worldwide 
essence of such phenomenon, which makes these migrations the most conspicuous 
worldwide ones in terms of biomass (Lampert 1989; Hays 2003).      
Many families of fishes exhibit an anadromous behaviour, accomplishing 
migrations from freshwater natal areas to feeding areas in the ocean followed by a 
return spawning migration back to fresh waters. The Salmonidae family includes 
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species which soon after birth or some years later abandon the birth-rivers and display 
extensive ocean migrations to feeding areas, sometimes reaching regions which are 
thousands of kilometres away. After spending several years wandering over wide 
oceanic areas, they are able to find the mouth of their natal river with great accuracy and 
return to the specific sections of the rivers they initially came from. The sockeye salmon 
(Oncorhynchus nerka), for example, moves from the western shores of North America 
across the North Pacific up to the shores of the Kamchatka Peninsula, in eastern Russia. 
Here it remains in the ocean feeding for varying periods of time, after which it ascends 
rivers to its natal spawning areas, reproduces and finally dies. The orientation 
mechanisms used by the salmons are still poorly known; it is thought that abilities of 
perception and memorisation of chemical substances dissolved in water are involved in 
the final stages of the river migration (McKeown 1984; Quinn & Dittman 1992; Quinn 
& Myers 2004). 
Another impressive example of transoceanic movements with distances covering 
thousands of kilometres is that of the two Atlantic populations of bluefin tuna (Thunnus 
thynnus), which have foraging grounds overlapping on the North Atlantic and 
independent spawning areas located primarily in the Gulf of Mexico and in the 
Mediterranean sea from Spain to Italy (Block et al. 2005). 
Many sea birds spend most of their life in the open sea and approach the coast 
only for reproductive requirements. They are known to perform very long distance 
migrations. For instance, at the end of the reproductive season, wandering albatrosses 
(Diomedea exulans) leave their breeding areas and range over huge oceanic regions 
searching for the most profitable foraging grounds. During their non-breeding year 
these birds were previously assumed to wander aimlessly circumnavigating the 
Southern Ocean by riding the wind, but recent evidence provided by Weimerskirch & 
Wilson (2000) has demonstrated that they confine their movements to one preferred 
distant ocean sector.    
A pattern encompassing intensive high-latitude summer feeding, followed by 
long-distance migrations to low latitudes in winter, is typical of large mysticetes of both 
hemispheres. Gray whales (Eschrichtius robustus) accomplish one of the longest annual 
migrations of any animal, covering 15000-20000 km. This migration spans as much as 
50° latitude, leading these mammals from the extremely high productive waters of 
summer feeding areas in the Bering Sea to the warmer breeding, calving and assembling 
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grounds along the subtropical Pacific coastline in winter (Bovet 1992; Berta & Sumich 
1999). 
     
1.2 Evolution in monitoring techniques of the marine migrations 
By definition, a migrant animal periodically moves between different habitats 
covering variable distances during an often long period of time (Aidley 1981; Dingle 
1996). Based on direct observation of the animal behaviour, most of the classical 
tracking techniques are hard to employ in studying migratory animals. Actually, the 
carrying out of the study of extensive migratory movements, sometimes crossing areas 
which are inhospitable and inaccessible to man, faces obvious logistic and technical 
difficulties. For example, keeping visual or acoustic contact with a marine animal which 
lives in the open sea spending the vast majority of its time at great depths, would be a 
most challenging, if not impossible, task. Nevertheless, many different solutions have 
been found to obtain indirect or direct information about the migratory movements, 
adapting the monitoring techniques to the biology of the animal studied.  
 A first clue to the routes followed by migrants can be found by observations 
carried out in those zones where geographical features or strong ecological 
discontinuities tend to concentrate their pass (e.g. small islands or straits along the bird 
migratory routes). In such cases monitoring methods include, for example, observation 
by telescope, photo-identification and radar or sonar inspection (Aidley 1981; Dingle 
1996). However, when detailed and prolonged data concerning the movement of a 
single individual are to be collected, several problems arise. First of all, in order to 
maintain a discontinuous or continuous contact with a specific wild animal, it is 
necessary to make it unequivocally recognizable. This means capturing the animal in its 
natural environment and equipping it with some kind of durable and reliable identifying 
equipment. Furthermore, such a tool must not disturb or significantly alter the natural 
behaviour of the animal itself (Sutherland 1996).  
 The simplest and most commonly used system to follow single migrant animals 
consists in marking them and relying on the subsequent recapture of the same 
individuals (capture-mark-recapture technique). Obviously, employed marking systems 
differ according to the biological and behavioural features of the studied species: for 
example, leg rings are used for birds, flipper tags for turtles, ear tags for ungulates, and 
wing tags for butterflies. Recently, the use of subepidermal electronic tags, easily read 
by special scanners is getting common. Apart from the evident difficulty in finding and 
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capturing the tagged animal again (Bibby et al. 2000; Sutherland 1996), the only data 
this type of research methodology can provide is the capture and recapture time and 
location. Therefore, valuable results can be obtained solely if the recapture sample size 
is sufficiently large and temporally spanned, and they are only restricted to the general 
migratory course (Dingle 1996).  
The best way to investigate the migratory behaviour would obviously be to follow 
migrants over their entire journeys rather than collect information only about departure, 
arrival and passage at points en route. The development of miniaturised electronic 
instruments capable of storing large amounts of types of sensor-recorded data has 
allowed researchers to monitor animal movements and activities in detail as well as the 
environmental parameters of the crossed region (Cooke et al. 2004). Different kinds of 
data referring to the animals’ physiology and behaviour as well as to the environmental 
parameters are recorded by specific sensors on board, and include, for instance, 
geographic location, swim or flight direction, altitude, internal and external temperature, 
dive depth and duration and water salinity. 
However, the application of such data loggers is constrained by the ineludible 
necessity of their being recovered to download the stored data. As a result, these 
instruments are supposed to be used only when the probability of recapturing tagged 
individuals is great enough. Because of this, such instruments can provide profitable 
information during the breeding season, with animals periodically returning to the 
reproductive site, whilst their usage in studying long distance migrations is usually quite 
hazardous, even if the recapture rate for marine animals is relatively high thanks to the 
intensive fishery activities.    
 An essential improvement of the knowledge of migratory behaviour has been 
possible thanks to the development of instruments that permit the monitoring of animal 
activities without having physical contact with it, but relying on the reception of 
acoustic or electromagnetic signals collected from purpose-built transmitters deployed 
on the animals (Cooke et al. 2004).  
Hydro-acoustic telemetry consists in securing an acoustic transmitter or “pinger” 
to an animal and in tracking it by means of a hydrophone. The pinger emits an acoustic 
pulse that can be picked up by researchers either from the water surface using hand-held 
hydrophones or from networks of receivers attached to buoys or fixed to the seafloor to 
automatically monitor the data transmitted from the tags. The use of acoustic telemetry 
tags to track the large-scale movement of animals is, however, impractical as these tags 
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use lower sound frequencies that have only a few nautical miles range and are thus 
limited to studying animals over short temporal or spatial scales (Thorstad et al. 2002). 
Radio-telemetry techniques take advantage of electromagnetic waves emitted by a 
radio-transmitter attached to the animal (Kenward 1987). This technology allows the 
localization of the transmitter and the collection of numerous types of environmental 
and biological information by means of the remote contact with the animal. There are 
two main radio-telemetry systems, the first relying on low-power signals (Very High 
Frequency, VHF) collected directly by receivers run by researchers and used to find the 
source location by classical triangulation (White & Garrott 1990; Lehner 1996). Such 
emissions can be received at relatively short distances (a few kilometres), making VHF 
tracking suitable to follow animals ranging in restricted areas and only for short periods 
of time. When studying marine animals, it is then essential to consider that, by VHF 
telemetry, animals can only be detected upon surfacing. The second telemetry system is 
satellite tracking, which has seen an incredibly rapid development and diffusion in 
biological research over the last two decades. It is based on more powerful signals 
(Ultra High Frequency, UHF) which are sent to a satellite network (the Argos system) 
by special radio-transmitters attached to the animals, and are subsequently retransmitted 
to several ground stations to be processed. This efficient satellite tracking method has 
provided researchers with a new and effective tool making it possible for the first time 
to track animals’ movements for prolonged periods of time anywhere on Earth and to 
reconstruct their migratory pathways with fair accuracy. Since geographic location 
systems are not able to rely on signals coming from underwater transmitters (see 
methods), animals surfacing at least intermittently are preferred to be tracked by means 
of UHF telemetry. 
Since the beginning of the eighties, when only a few large-size animals, such as 
bears, whale sharks and sea turtles, could be equipped with the voluminous and heavy 
transmitters available at that time, much technological progress has been made. Thanks 
to the encouraging results obtained, satellite telemetry has rapidly become very popular 
among migration students and nowadays a great deal of research involving a large 
number of species has been carried out and is currently in progress. Among the marine 
animals involved in such a kind of study, the favourite subjects are sea elephants, seals, 
walruses, whales and dolphins, penguins, albatrosses, sharks and almost all the sea 
turtle species.  
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1.3 Sea turtle migrations studied by satellite telemetry  
Sea turtles spend almost all their lifespan at sea and perform extensive migratory 
movements at all stages of their lifecycle, travelling in many cases for hundreds or 
thousands of kilometres in open seas. The knowledge of such an important aspect of 
turtle biology is however still rather poor because of the technical and practical 
difficulties occurring in trying to track animals freely swimming in the ocean. Only the 
partial reconstruction of movements on a small scale (e.g. during internesting) and for a 
short time are obtainable by means of visual, ultrasonic or VHF tracking systems (e.g. 
Ireland 1980; Liew and Chan 1993; Eckert 2002; Addison et al. 2002; Seminoff et al. 
2002; Makowski et al. 2006), which, as previously stated, suffer from a limited 
employment range.  
Marine turtles were one of the first animals to be tracked by satellite (e.g. 
Stoneburner 1982). The large size of these animals makes them favourite subjects for 
satellite tracking. In fact, the weight of the transmitter (usually far less than 5% of the 
body weight, especially considering its buoyancy in the water) can be assumed not to 
significantly alter the animal behaviour. Moreover, the wide carapace extension offers a 
suitable surface for reliable attachments of the transmitters.   
Already, a large number of satellite tracking studies on all sea turtles species and 
in many different oceanic regions have been performed, allowing the understanding of 
the general pattern of movement of most species and the reconstruction of their long-
distance movements with fair accuracy, especially in the open sea. In most cases, adult 
females have been tracked during their post-reproductive movements towards the 
foraging grounds, since they can most easily be approached on the beach during or after 
egg-laying. Only a few tracking records of pre-reproductive migrations of adult females 
have been published so far (e.g. see Renaud et al. 1996) and the same holds true for the 
movements of adult males and juveniles. Nevertheless, in recent years several adult 
males captured at foraging grounds and juveniles have been subjects of satellite tracking 
studies too (e.g. see Balazs & Ellis 2000; Meylan et al. 2000; Hays et al. 2001; Hatase et 
al. 2002b; James et al. 2005a, 2005c).  
 
1.4 Notes on the general biology of sea turtles 
The earliest known turtles were terrestrial or, at most, marsh-dwelling forms 
(Gaffney 1990; Kinneary 1996). Their fossils date back to 220 million years ago, in the 
Triassic. Modern sea turtles arose from descendants of those forms, which wandered out 
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of freshwater marshes and entered the sea. They became successful and reached their 
largest diffusion during the middle Cretaceous Period (about 112 million years ago). By 
the early Tertiary they diversified into four distinct families two of which have survived 
up to the present: Cheloniidae and Dermochelyidae, both belonging to the Suborder 
Cryptodira (Order Chelonia). The living marine turtles have a worldwide distribution 
inhabiting primarily tropical and subtropical oceanic regions but with one species, the 
leatherback turtle (Dermochelys coriacea), having remarkable adaptations for life in 
temperate and also cold water (Frair et al. 1972; Greer et al. 1973; James & Mrosovsky 
2004; McMahon & Graeme 2006). The latter species is the sole extant species 
belonging to the Dermochelyidae family, whilst the family Cheloniidae includes 6 
species afferent to 4 genera (Table 1.1).  
All sea turtles are true marine animals spending the vast majority of their life at 
sea both in oceanic and in neritic habitats and rising on land only for the laying of eggs. 
They display numerous specific adaptations both in morphological and physiological 
features for living in the marine environment (Hendrickson 1980; Bjorndal 1997). Life-
style and feeding habits are greatly differentiated within the seven extant species of sea 
turtle. Even if with minor variation, they still share a common lifecycle that 
encompasses prolonged periods in the open sea at all developmental stages (Carr et al. 
1978; Musick and Limpus 1997; Miller 1997) (Fig. 1.1). 
 
Reproduction 
The major aspects of reproductive behaviour as well as the environmental 
conditions under which sea turtles nest are very similar among the extant seven species. 
As nesting season approaches, adult turtles move from their foraging grounds towards 
the courtship/mating areas, which are usually in the region of the nesting site. Although 
there are still few observations concerning the timing and location of mating activities, 
it is now generally accepted that most courtship and mating activities occur in waters 
adjacent to nesting beaches and lead to the clutches fertilisation in the month or two just 
preceding the first oviposition of the reproductive season (Miller 1997; Frick et al. 
2000; Godley et al. 2002; James et al. 2005a). For their first reproduction, females 
usually return to the region where they were born at least 15-20 years earlier, showing 
remarkable abilities of natal homing (Carr 1984; Bowen & Carl 1997; Bowen et al. 
1992, 1997; Allard et al. 1994; Dutton et al. 1999; Hatase et al. 2002a). Moreover, as 
extensively demonstrated by tagging efforts, sea turtles show a high degree of nesting 
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site fidelity with females nesting on the same beaches over successive breeding seasons 
(Carr et al. 1978; Balazs 1983; Hughes 1989, 1996; Limpus et al. 1992). Usually female 
turtles do not breed every year but show a remigration interval (period elapsed between 
2 consecutive breeding seasons) ranging from 1 to 5 years depending on the species 
(Pritchard 1971; Limpus et al. 1992; Hughes 1996; Miller 1997). Males and females are 
not assumed to use the same time scale for reproduction. A gravid female turtle selects a 
nesting beach where she will renest within a single season laying eggs several times, 
generally every 9 to 16 days. Normally at night or in the twilight, females emerge from 
the surf, ascend the beach searching for a suitable place for deposition and dig a nest 
where they lay a variable number of eggs depending on the species and on the 
individual. Among different turtle species as well as within the same population, the 
amount of successive nesting attempts recurring during the same breeding season is 
quite variable. Between subsequent depositions the turtles usually make short-range 
movements remaining in waters close to the nesting beach (internesting habitat). The 
distances covered in internesting intervals (periods between consecutive nesting 
emergences within a season) are generally small (e.g. Mortimer & Portier 1989; Liew & 
Chan 1993; Houghton et al. 2000), though in some species movements of tens or 
hundreds of kilometres are rather common (Mendonca & Pritchard 1986; Keinath & 
Musick 1993; Fossette et al. in press).    
 
Migration 
Marine turtles are genuine migratory animals and their remarkable abilities to 
make long migrations throughout the oceans have been known of for a long time. The 
most common pattern consists in migrations that cause the turtles to travel hundreds or 
thousands of kilometres while shuttling at regular or seasonal intervals between nesting 
areas and feeding grounds, which are individually specific, spatially-defined inshore 
waters (Carr 1984; Papi & Luschi 1996). For some species, however, food resources are 
mainly patchily distributed over wide oceanic regions and unpredictable in time and 
space and these constraints have made them evolve particular adaptations involving 
wandering rather than shuttling movements.  
The inter-reproductive phase (remigration interval) of the sea turtle lifecycle has a 
general duration of 1 to 5 years. It is worth noting that the movement pattern shown 
during this period largely depends on the feeding ecology of the species and, as a result, 
highlights interspecific and intraspecific variations. In general, it is common for the 
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oceanic regions of which many species take advantage for their reproduction, do not 
supply suitable food resources, so that the development of a migratory habit is favoured. 
This is the case, for example, of green turtles (Chelonia mydas), which are herbivorous 
and sometimes do not succeed in finding enough food in inshore waters near the nesting 
site. Therefore, they must move towards more suitable regions, covering distances of 
even thousands of kilometres (e.g. Carr 1982; Luschi et al. 2003a). The post-
reproductive migrations lead them to highly productive areas located on the continental 
shelf, where they most likely stay during the whole inter-reproductive interval. An inter-
seasonal fidelity to those foraging grounds, which often are circumscribed and well-
established, has been demonstrated (Limpus et al. 1992; Balazs 1983, 1994; Luschi et 
al. 1996, 1998). On the other hand, populations which migrate away from regions where 
food profitable for this species would be abundant, are known of.  
A similar inter-seasonal shuttling pattern between the nesting site and foraging 
grounds has been recorded, at least to some extent, for some populations of loggerhead 
turtle (Caretta caretta). In this case, their migration does not seem to be oriented to a 
single specific foraging region but rather to a series of often coastal areas within which 
the turtles continuously move (Papi et al. 1997; Plotkin 2003).  
Hawksbill turtles (Eretmochelys imbricata), once believed to be non-migratory 
residents of regions very close to the nesting beach (Hendrickson 1980), have been 
discovered to carry out extensive migratory movements between nesting beaches and 
foraging areas (Meylan 1999; Plotkin 2003). 
Kemp’s ridley turtles move within a relatively limited range, with migrations 
occurring along narrow nearshore corridors in the neritic zones of the western Atlantic 
(Byles & Plotkin 1994; Plotkin 2003).  
The flatback turtle (Natator depressus) has the most restricted migratory range of 
all sea turtles. Once characterised as non-migratory (Hendrickson 1980), this species, 
endemic of the waters of the Australian continental shelf, has been confirmed to 
undertake quite extensive migrations between nesting areas and foraging grounds 
located in shallow waters of the Australian northern coast (Limpus et al. 1983; Plotkin 
2003). 
 Finally, pelagic dwelling species, like leatherback turtles (Dermochelys coriacea) 
and olive ridleys (Lepidochelys olivacea) show a more markedly erratic migration 
pattern. These species feed almost completely on macro-planktonic organisms, whose 
abundance and distribution can vary both spatially and temporally in the ocean. In order 
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to compensate for such an environmental variability and unpredictability, these turtles 
normally have neither well-defined resident feeding areas nor precise migration courses. 
As a consequence, they wander in the open ocean, apparently neither heading for a 
specific target nor settling in any specific site. These true oceanic nomads are capable of 
transoceanic migrations across deep pelagic waters (Cornelius & Robinson 1986; 
Plotkin et al. 1995; Eckert 1998; Ferraroli et al. 2004; Hays et al. 2004; James et al. 
2005b, 2005c; Eckert 2006). They spend most of their life over very broad areas, 
searching for highly productive waters such as thermal fronts and convergence zones, 
where their preferred preys concentrate (Olson et al. 1994). 
As research has been almost exclusively limited to studies of nesting females, the 
movements of male turtles, that never come ashore and whose capture at sea is a 
formidable challenge, have remained very poorly known. Mostly those males belonging 
to species or populations that frequent well-defined and circumscribed feeding areas, are 
found and observed on a regular basis in the foraging grounds exploited by the females 
(Balazs 1983; Green 1984; Balazs & Ellis 2000; James et al. 2005a). Male turtles are 
believed to make pre-reproductive migrations similar to those of females. Near the 
breeding areas, which presumably are the only place where both sexes can meet, males 
are thought to arrive early so as to maximize their potential for mating with multiple 
females. Recently James et al. (2005a) have shown that leatherback males foraging in 
temperate waters of the northwest Atlantic migrate southwards to the regions adjacent 
low-latitude nesting beaches, where mating occurs. Moreover, residency and return 
migration to these areas suggested male fidelity for breeding areas. On the other hand, 
the male ecology and behaviour during the inter-reproductive period, are still largely 
unknown.           
 
Hatchling emergence and development 
After 40 to 80 days of incubation, eggs hatch and during the early evening large 
wavelike groups of hatchlings emerge from their underground chamber, crawl across 
the beach and enter the surf. In this process, they orient themselves towards the lowest 
and brightest part of their visible horizon, which normally is the seaward one 
(Mrosovsky 1972; Mrosovsky & Shettleworth 1968, 1974). Therefore, the hatchlings’ 
activity focuses on reaching the open sea as soon as they can, so as to get in waters 
where the predation pressure is lower and food abounds (Salmon & Wyneken 1987; 
Witherington & Salmon 1992; Gyuris 1994; Lohmann et al. 1997; Lohmann & 
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Lohmann 2003). To move away from the beach, they first rely on the ability to detect 
wave direction even underwater (Lohmann et al. 1995, 1997; Lohmann & Lohmann 
1996, 2003). Once offshore, where waves direction cannot provide suitable information 
any more, they still maintain the offshore orientation (Witherington 1995) and have 
been shown to rely on a magnetic compass (Lohmann 1991; Lohmann & Lohmann 
1993, 1996, 2003). Subsequently, the swimming activity decreases and hatchlings are 
thought to be mostly passive and transported away by sea currents in oceanic gyre 
systems (Hughes & Richard 1974; Carr 1987).  
Owing to the impossibility of marking or equipping with radio-transmitters such 
small individuals, the period between hatchling and subadult stages still remains largely 
unknown, so that turtle students once referred to it as “the lost years” (Carr 1982; 
Witham 1980; Bolten 1995; Parker et al. 2003). Numerous observations of turtle 
juveniles belonging to different species in epipelagic region have now allowed to have a 
reasonable, although general view of the hatchling habits during this period. Most likely 
hatchlings assume planktonic habits and accordingly their movements in open ocean are 
thought to be deeply influenced by sea currents that transport them into pelagic nursery 
habitats, which usually are thousands of kilometres away from the natal beach (Hughes 
& Richard 1974; Carr 1987). The nursery habitats are most probably frontal systems 
and convergence zones, where hatchlings associate with lines of floating debris and 
biota (Olson & Backus 1985; Witherington 2002). In fact, within such rich and complex 
areas, blooming organism communities rise and planktonic preys suitable for the 
omnivorous hatchlings concentrate. The duration of the pelagic stage is highly variable 
between different species and populations ranging from 3 to 10 years or longer. During 
this long period turtles grow up not necessarily remaining in the same region but 
continuing to be drifted by large-scale current flows (Carr & Meylan 1980; Carr 1987). 
When close to the sexual maturity, the juveniles of most species leave their pelagic 
nursery habitat and settle in more circumscribed residential feeding grounds, which can 
be either shared with adults or exclusive to juveniles (Musick and Limpus 1997). A 
particular case is that referring to flatback hatchlings, which lack an oceanic stage and 
remain in neritic nursery areas feeding near the sea surface (Walker & Parmenter 1990).  
 
Conservation issues 
All sea turtle species are protected from international commercial harvesting by 
the Convention of International Trade of Endangered Species (CITES) and considered 
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threatened with extinction or endangered by the Red Book of the World Conservation 
Union (IUCN). Except for the flatback (Natator depressus), they are also currently 
regarded as endangered migratory species by the Bonn Convention (listed in Appendix 
I). All over the world many turtle populations are believed to be virtually extinct (e.g. 
Pacific leatherbacks, Spotila et al. 2000) and some of them has already been driven to 
extinction (e.g. Pritchard 1997; Hays 2005). Important threats to the survival of these 
animals derive from directed or incidental anthropogenic stresses (Pritchard 1980, 1997; 
National Research Council 1990; Lutcavage et al. 1997). The unavoidable terrestrial 
excursions for egg laying of all marine turtle species, even if brief, constitute a 
prominent vulnerability to which these animals are subject. Nesting females as well as 
hatchlings are very susceptible even to the human nuisance and harmful disturbances. 
Because of this, females need undisturbed and natural beaches which are becoming 
more and more scarce owing to the rapid increasing of coastal exploitation and 
alteration. A series of conservation measures, including restricted access, beach patrols 
to prevent harvesting of eggs or adults, and educational programs involving local human 
populations, have been taken to protect nesting beaches and some have produced some 
good results (e.g. Hughes 1996; Godley et al. 2001; Dutton et al. 2005).   
However, almost the whole life of a sea turtle takes place in the sea. Therefore an 
effective conservation strategy must consider the protection of the variety of habitats the 
turtles traverse during their movements over large geographical areas and inhabit for 
long periods. Indeed, these habitats are greatly affected by human activities and this 
exposes the turtles to a number of threats, either along the migratory journeys and/or at 
their destination. Main threats consist in hunting, incidental captures due to fishery 
activities, habitat loss, degradation and pollution. Polluting substances are known to 
accumulate both in adult and in hatchling tissues as well as in the eggs (George 1997) 
and such a phenomenon has been highlighted to be responsible of serious and 
widespread diseases like fibropapillomatosis (Herbst & Jacobson 1995; Aguirre et al. 
2002). 
Beyond any doubt, the most serious threats are those linked to commercial 
fisheries, such as shrimp trawls, pelagic fishing gears, longlines and gill nets. In 
particular, shrimp trawling is considered to be responsible for about 90% of deaths of 
adult turtles at sea, more than all others human activities combined. In order to prevent 
the accidental bycatch, some operative remedies have been conceived and are now 
available. The Turtle Excluder Device (TED), which is a simple escape hatch placed in 
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a trawler net the trapped turtles can use to get free, reduce the mortality by up 97% 
without lessening the fishing trawl effectiveness (National Research Council 1990). 
Nevertheless, despite the good results come out from the TED usage (Crowder et al. 
1995; Epperly 2003), it still has difficulty to spread among fishermen.     
With respect to adult turtles, satellite tracking studies really contribute to the 
collection of useful information for the development of more effective conservation 
strategies. Although migratory movements are variable and unpredictable, especially as 
far as leatherbacks are concerned, knowledge about the followed routes is necessary to 
plan efficacious protection all over the wide oceanic region where turtles’ activities take 
place (e.g. foraging grounds). Of course, because sea turtles usually cover long 
distances crossing political borders, such conservation strategy requires coordination 
between different countries, which is often difficult to achieve. 
 
1.5 Ocean characterization and movements of marine animals 
Towards the end of nineteenth century, the Challenger, an English survey ship 
designed to conduct extensive hydrographic and oceanographic research all around the 
world, opened the era of descriptive oceanography (1872, Challenger Expedition). 
Although the conditions aboard ships and the ways that measurements are made have 
improved over the past 100 or more years, ship-based systems are still generally limited 
to sampling data in a pretty small area with often a great deal of difficulty. In the last 
years the amount of satellites and instruments for surveying global environment has 
greatly increased. Remote-sensing techniques, developed thanks to the expanding use of 
aircraft and satellite surveying technologies, have now provided researchers with 
extraordinary resources for the detailed study of a large number of physical and 
biological parameters characterizing very large areas of the world, in a very short time 
(Sabins 1997). Such kind of analysis, being able to look at a large region at the same 
time, is called synoptic. Synoptic overview of data collected and processed practically in 
real time allows not only to analyse the oceanographic conditions at a given time but 
also to evaluate the proportional consistency and the variability of water properties in 
various oceanic regions and in different periods of the year. Indeed, oceanographers are 
now able to obtain detailed information not only about the general current circulation 
and the dynamics of temperature, salinity and nutrient concentration at large scale, but 
also concerning seasonal gradients and water fluxes as well as fine-scale motions (e.g. 
eddies), local thermal features and phytoplankton blooms (Sabins 1997).         
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Such a mesoscale analysis (horizontal scale on the order of tens to hundreds of 
km) turned out to be very important as far as the relationship between oceanographic 
features and the animals’ spatial behaviour is concerned. In fact organism abundance 
and distribution largely depend on the mechanical and drifting action of water masses 
and on the processes involved in the development of primary trophic levels, that water 
fluxes promote. For instance, oceanic fronts and convergence zones, which are in areas 
where lateral and vertical mixing mechanisms of water masses with distinct chemical 
and physical properties occur, are known to create conditions particularly favourable for 
the development of thriving food chains (Olson & Backus 1985; Olson et al. 1994).  
The role of the oceanographic conditions has been mostly underestimated till 
recent years, with a few of studies having highlighted the influence which sea currents, 
water temperature and salinity as well as nutrient concentration can exert either directly 
on the movements of quite a large amount of different marine species or indirectly 
shaping the ecological requirements they meet in the various phases of their lifecycle 
(prey availability, sites suitable for the reproduction, etc.). A few examples of spatial 
behaviour analyses integrating biological data and oceanographic information are 
provided below.  
In fishes there are many cases of long-distance movements carried out to reach 
areas suitable for reproduction or for feeding. It therefore follows that fish distribution 
often shows pronounced variations throughout their lifecycle and in the course of the 
year as well. From the larval phase up to the adult stage, the courses followed by the 
fishes are supposed to be deeply influenced by the ocean currents, which can either 
assist or oppose to the migratory movements, or induce drift and passive displacements. 
A well-known example of larval transportation is that of the European eel (Anguilla 
anguilla). Starting from the spawning area in the Sargasso Sea, the pelagic larvae 
(leptocephales), which have very scarce swimming abilities, passively drift during about 
3 years across the North Atlantic Ocean and reach the coasts of west Europe and north 
Africa having been advected by the Gulf Stream (Arnold 1981; Mckeown 1984). 
Moreover, it has recently discovered that the success of larvae in crossing the Atlantic 
Ocean and reaching preferentially targeted latitude regions on the eastern side depends 
on the depth and period of the starting location in the Sargasso Sea and turns out to be 
strongly related to the oceanographic conditions present in that area (Kettle & Haines 
2006).  
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As regards influence of oceanographic conditions on the migrations of actively 
swimming fishes, it is worth considering the case of the north Pacific sockeye salmon 
(Oncorhynchus nerka). Though adult salmons’ movements mainly rely on their abilities 
to orientate and actively swim, several oceanographic features encountered along the 
path, such as sea temperature and water currents, can strongly influence key aspects of 
the journey towards the reproductive areas (Quinn & Myers 2004).    
A large cyclonic current, the Sitka eddy, occurs on alternate years in the 
easternmost part of the North Pacific, along the coast of the British Columbia. Its 
presence is thought to divert south the migratory course of the salmons compelling them 
to reach the American coast at latitudes lower than those they otherwise would arrive at 
(Healey et al. 2000).  
In seabirds, a preferential search for food and a predictable concentration at tidal 
fronts, mesoscale eddies and latitudinal frontal systems have been ascertained in various 
regions of the world. Daunt et al. (2006) have shown how foraging areas of black-
legged kittiwakes nesting on the Isle of May (North Sea) are strongly associated with 
the presence of a shallow sea front. In the Southern Indian Ocean grey-headed 
albatrosses have been found to concentrate their foraging activity in correspondence 
with the edges of cold and warm eddies (Nel et al. 2001). Royal penguin (Aptenodytes 
patagonicus) and king penguin (Eudyptes chrysolophus) nesting on austral high-latitude 
islands carry out foraging routes that are explainable in the light of the position and 
seasonal variability of the Polar Frontal Zone (Bost et al. 1997; Hull et al. 1997).  
Among large-size vertebrates, the basking shark (Cetorhinus maximus), the 
second largest fish species, mostly feeds near sea surface and exhibits area-restricted 
searching behaviour, following convoluted swimming paths along frontal boundaries, 
where the density of its preferred zooplanktonic prey was measured to be high. On the 
other hand, it generally continues swimming on a relatively straight route when crossing 
low zooplankton density areas. Moreover, it seems that this filtering selachian is able to 
use frontal boundaries to find successive prey-rich patches in close proximity (Sims & 
Quayle 1998; Sims et al. 2000). 
 
 
 
 
16
                                                                                                         General introduction 
1.6 Influence of the oceanographic conditions on the spatial behaviour of sea turtles. 
Purpose of the present study 
 
While the long-lasting oceanic movements of sea turtles are becoming known in 
depth thanks to the increasing development of satellite telemetry techniques, the way 
environmental factors influence their courses has hardly been investigated. 
Oceanographic conditions (sea current circulation and related features), in particular, are 
bound to affect directly or indirectly (i.e. conditioning the distribution and the behaviour 
of the preferred prey) the oceanic movements and the diving activity of the sea turtles. 
Actually, when location data was the only information available on the turtle 
movements, the animal active swimming has been mostly considered to determine by 
itself the migratory patterns of these animals, which therefore would have been 
interpreted as largely independent of the experienced oceanographic conditions. Sea 
turtles represent a particularly suitable subject for evaluating the role played by the 
oceanographic conditions in determining the spatial behaviour of marine animals, since 
they spend the vast majority of their life in the sea and have to deal with a huge variety 
of marine habitats during the different phases of their long lifecycle.  
Hatchlings of most of the turtle species are known to disperse over huge oceanic 
regions being passively transported by the major current systems throughout their open 
ocean nursery environment (Carr 1987; Musick & Limpus 1997). Several satellite 
telemetry studies have conversely shown that larger turtles are not at the whim of 
currents, and may be able to contrast or overcome current action to some extent 
(Nichols et al. 2000; Horrocks et al. 2001; Polovina et al. 2000, 2004). In some cases a 
clear dependence on water movements and related features has recently begun to be 
documented, especially for the leatherback turtles (Luschi et al. 2003b; Ferraroli et al. 
2004; Gaspar et al. 2006; Hays et al. 2006). Moreover, juvenile and adult turtles were 
frequently shown to focus their foraging activity in correspondence of oceanic fronts 
and convergence zones characterised by high level of primary productivity detectable 
through ocean colour satellite data (see e.g. Luschi et al. 2003b; Polovina et al. 2000, 
2004).  
Besides influencing the turtle routes, oceanographic factors may also affect the 
diving behaviour of these animals. The differentiation of physiological adaptations and 
diving strategies suitable for coping with the variation of oceanographic factors as well 
as the associated variable distribution of the food resources, is a feature common to the 
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sea turtles and to many other marine vertebrates, having been found in other reptiles, 
fishes, marine mammals and marine birds as well (see e.g. Putz et al. 1998; Bennett et 
al. 2001; McConnell et al. 2002). In recent years, the diving activity of the sea turtles 
has been analysed in relation to different remotely sensed oceanographic parameters, 
such as water temperature and primary productivity concentration (e.g. Hays et al. 2006; 
Sale et al. 2006). Thanks to this integration analysis, the behavioural plasticity of the sea 
turtles in diving activity in response to contingent oceanographic conditions and to local 
prey ecology is becoming more and more evident. Notable changes in the diving 
parameters (i.e. dive depth, duration and profile shape) occur in relation to the time of 
the day and markedly in correspondence of the shift from directed travelling movements 
to foraging/resting periods (e.g. Hays et al. 2000, 2004; Godley et al. 2003; Sale et al. 
2006). Also, the activity patterns of sea turtles have been demonstrated to be strongly 
influenced by the seasonal and latitudinal variation of the sea water temperature (e.g. 
Southwood et al. 2003; Hochsheid et al. 2005; Sale et al. 2006) taking into account 
some peculiarities referring to the case of leatherback turtles, which are known to have 
some kind of thermoregulation mechanism (Paladino et al. 1990; Spotila et al. 1997). 
The present study investigates several aspects of the ecology and behaviour of 
migrating sea turtles, in order to assess the relevance that the oceanographic conditions 
occurring in the region crossed by the animals have in the differentiation of their 
behavioural strategies. The integration of satellite derived data on the turtles’ 
movements and diving activity with remote-sensing information on the main 
oceanographic parameters in the oceanic areas frequented by tracked turtles, constitutes 
the core of this research.  
Three turtle species inhabiting different region of the world ocean were studied: 
the leatherback turtle (Dermochelys coriacea) and the green turtle (Chelonia mydas) in 
the South West Indian Ocean and the loggerhead turtle (Caretta caretta) in the 
Mediterranean Sea. We focused on investigating whether and to which extent, the 
observed variations in turtle migration and diving patterns were linked to the spatial and 
temporal variability in the oceanographic conditions. A comparative evaluation of the 
way each species deals with the experienced environmental conditions gave us the 
opportunity to highlight different adaptative strategies employed by migrating turtles, 
which are mainly linked to the particular migratory habits and feeding ecology of these 
open-sea dwellers, and have evolved to face the challenge of a life spent moving in a 
movable medium. 
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2. 
METHODOLOGICAL ASPECTS 
 
 
This study concerns the analysis of a consistent number of tracks obtained 
following the migratory movements of leatherback, loggerhead and green turtles in the 
Western Indian Ocean and in the Mediterranean Sea. Turtle tracking was done by means 
of satellite-telemetry techniques based on the Argos system. Different types of 
contemporaneous oceanographic information were collected through remote sensing 
techniques and from drifter route databases. A GIS (Geographic Information System) 
software allowed us to integrate this oceanographic information into the turtle 
trajectories.      
 
2.1 Satellite Telemetry 
The Argos system is a satellite-based system able to locate any animal and 
inanimate object carrying a suitable transmitter while moving anywhere in the world, 
and to collect environmental data from sensors connected to the transmitter itself 
(Taillade 1992, 1998; French 1994; Priede 1992). The system was set up in the late 
1970’s under an agreement between the French Centre National d'Etudes Spatiales 
(CNES, the French space agency), the U.S. National Aeronautics and Space 
Administration (NASA) and the National Oceanic and Atmospheric Administration 
(NOAA). In recent years the Japanese space agency (NASDA) and the European 
Meteorological Satellite Organization (EUMETSAT) joint this international cooperative 
venture supplying additional satellites, ADEOS II and METOP, respectively.  
The system (Fig. 2.1) relies on receivers carried onboard seven polar-orbiting 
environmental satellites (POES), which provide full global coverage circling the planet 
from the North pole to the South pole at 850 km altitude (ARGOS 1992). Each satellite 
completes a revolution around the Earth in about 101 minutes, covering an about 5000 
km-wide ground-track that overlaps for 2100 km with the previous one. Because of the 
polar orbit, the number of daily passes over a given part of the Earth’s surface increases 
with latitude, ranging from 6-7 a day at the equator to approximately 14 over the poles 
for each satellite. The satellites receive signals at the nominal stable frequency of 
401.650 MHz ± 4kHz coming from suitable radio-transmitters, called Platform 
Transmitters Terminals (PTTs), that are attached to the animal to be tracked. Different 
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models of PTT are available and can be equipped with sensors recording various types 
of environmental and biological data. 
Eighteen regional ground stations (in USA, Canada, Australia, New Zealand, 
France, Antarctica, South Africa, Japan and Peru) receive all messages recorded by the 
satellites and send them to one of the 3 main ground stations located in Virginia (USA), 
Alaska (USA) and France. The encoded data extracted from the satellite datasets are 
then relayed in real time to the Global Processing Centres in Landover (MD, USA) and 
Toulouse (France), that are able to locate the signal source and extract the sensor 
information. Finally, results are made available to users on line (ARGOS 1992).  
To localise the PTT anywhere on Earth, Argos system measures the Doppler 
effect on the platform transmissions deriving from the relative motion of the satellite 
and transmitter. By comparing the frequency of a received signal with the nominal 
frequency of 401.650 MHz, the system is able to calculate the Doppler shift in 
frequency of that transmission. The closer the transmitter to the satellite the more 
rapidly the frequency changes (ARGOS 1992). After receiving at least two contacts 
(uplinks) during a single overpass of a satellite over the PTT, the computing process 
uses the amount of the measured shift, along with other information, to geometrically 
establish the position of the transmitter relative to the orbit with a 180° ambiguity. Since 
the orbit is accurately known, and because the previous location (starting from the 
release site) and the probable speed of the tracked subject are known, the position can 
be then determined without ambiguity. Each location has a different accuracy in latitude 
and longitude depending on some parameters, the most relevant of which is the number 
of uplinks recorded within a single satellite overpass. According to that, fixes are 
assigned a level of accuracy and are classified in six location classes (LCs; Table 2.1).  
The suitability and efficiency of the Argos system for animal tracking is affected 
by the way it works. Low altitude operational orbit of satellites allows the reception of 
relatively weak signals (1 W at maximum) therefore the use of miniaturised transmitters 
with small batteries and prolonged duration is allowed. Nevertheless, such polar orbits 
do not permit a constant and continuous coverage of any place of the Earth’s surface, 
since the number of daily passes over a transmitter decreases with equator approaching. 
Moreover each satellite is within radio view of any point on Earth for about 10 minutes 
(overpass duration). As a result the tracking performance cannot be continuous and its 
quality varies depending on the world region where the subject to be tracked is. 
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Furthermore, it is important to consider that, given the subtle frequency shift 
which the location process is based on, fixes cannot be obtained when transmitters are 
undersea. This means that non-surfacing marine animals cannot be tracked, whilst 
marine animals most commonly followed are those surfacing at least intermittently to 
breathe, such as pinnipeds, cetaceans and sea turtles. The larger the duration of animal 
surfacing periods, the higher the location quality. 
For deployment on sea turtles, special PTT models specifically tested to withstand 
with high hydrostatic pressures have been developed. They all have a salt-water switch 
that stops the transmission when the turtle is underwater and limits the emissions to the 
surfacing time (usually less than 10% of total). PTT deployment has generally not 
implied substantial problems, even with the first voluminous models. Initially, the 
transmitters were enclosed inside floating structures tied to the turtle carapace by metal 
or nylon wires (Timko & Kolz 1982; Stoneburner 1982; Byles & Dodd 1989; Keinath et 
al. 1989). Afterwards, a number of different systems of direct attachment on the 
carapace, being both safe for turtles and producing only a minimum hydrodynamic 
drag, has become available (Watson & Granger 1998). Most commonly, transmitters are 
glued to the top of the carapace by means of special resins and fiberglass (Liew et al. 
1995; Balazs et al. 1996; Papi et al. 1997; Godley et al. 2002). As regards leatherbacks, 
which have a dermal carapace unsuitable for gluing attachments, usage of elastic 
harnesses is preferred (Eckert & Eckert 1986; Hughes et al. 1998; Eckert 2002). Thanks 
to the currently used reliable attachments, a prolonged permanence of the PTT on the 
turtles, and thus an extended tracking duration are generally guaranteed, in the best 
cases until the batteries run down.  
Although in marine studies LCs A and B (whose accuracy is poor but not 
quantified by Argos) often dominate the fixes obtained (Britten et al. 1994), the location 
data collected are fully sufficient to reconstruct the long-distance movements performed 
by the turtles during their migrations in the open sea (Hays et al. 2001). On the other 
hand, animal location turns out to be more difficult and of even lower accuracy, when 
turtles remain in more restricted areas (e.g. at the feeding grounds or during the 
internesting periods) and satellite contact occasions get less frequent since turtles spend 
longer periods diving and surface rarely. In such circumstances the Argos system does 
not allow a fine-scale analysis of the turtles’ spatial behaviour (Luschi et al. 1996).    
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2.2 Oceanographic parameters 
In the present work both physical and biological oceanographic data, whose 
integration is known to provide essential information on the general course and on the 
variations of the main oceanic circulation (Campbell 1987; Sabins 1997), have been 
analysed. In order to obtain a representation of the current flows as reliable as possible, 
different types of data sources have been used. Remote sensing techniques have 
provided valuable tested information for the study of the main oceanographic 
parameters. These data, besides being individually used to evaluate the role played by 
each factor in influencing the animal behaviour, have been combined to obtain a fine-
scale characterization of the current-related features such as meanders, eddies and 
filaments (mesoscale features).  
The use of drifter route datasets has represented a further integration method to 
refine the scenario of the prevailing water fluxes present in the regions frequented by 
the tracked turtles near the moment of their passage. As far as geographically stable 
currents are concerned, non-simultaneous drifters remain reliable estimators for sea 
surface motion. Nevertheless, when it is possible to have drifters tracked near-
simultaneously (some days to a few week interval) as the turtles, drifter routes can 
provide even more profitable indications about the presence of considerable and rather 
durable mesoscale features such as large intense eddies or meanders (Le Traon & 
Hernandez 1992).  
 
2.2.1 Ocean currents and related features  
Ocean waters move unceasingly both in the vertical and in the horizontal plane. 
Some currents are transient features and affect only a small area, such as a beach. These 
are the ocean’s response to local, often seasonal conditions. Other currents are 
essentially permanent and involve large parts of the world ocean. These currents are the 
response of the ocean to the flow of energy from the tropics and subtropics to the 
subpolar and polar region. Oceanographers define currents as moving water masses 
characterised by various chemical and physical properties (speed, density, salinity, 
temperature, etc), which can cover extremely long-distance paths with their features 
changing in some parts but always remaining within a range intrinsically linked to the 
water mass properties (Kump 2004). The dominant forces acting in the vertical are the 
gravity and the vertical pressure gradient. Between these two forces there is a near-
complete balance condition. Thus pressure at any point of the water column is due to 
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the weight of the water above the point itself. In the horizontal, excluding tidal forces, 
which have little effect on the long-term mean properties of the ocean, the oceanic 
circulation is driven by two main influences: thermohaline gradient and wind stress 
(Gross & Gross 1996). Moreover, the influence of continents, whose passive presence 
deflects and conditions the water movements, has an important role in shaping the 
three-dimensional current circulation within ocean basins.     
Actually, there are two basic current systems which can be schematically 
considered to be superimposed, one upon the other (Pirie 1996). The first of these 
occurring in the surface portion of the ocean, is produced by incessant frictional action 
of the wind on the sea surface along with land mass placement. The second system 
involves a portion of the water column that extends deeper in the ocean. It derives 
directly by the differential cooling and evaporation driven by seasonal radiation from 
the sun and produces convection cells where fluid motions are triggered by the uneven 
water density distribution. The surface current circulation results from a combination of 
the flows which these two systems are responsible for.   
Since sea turtles spend the vast majority of their lifetime in the epipelagic zone, 
the present study focuses on the oceanographic features characterizing the water 
movements occurring in the upper layer (100-150 metres) of the water column, which 
are called surface currents.  
 
Coriolis Effect 
Whatever is the force causing the water movement, it is necessary to consider that 
each object set in motion on Earth is also subjected to the Coriolis force, an apparent 
force that arises from the Earth’s rotation and plays a major role in shaping ocean 
currents (Stewart 2003). The Ferrel’s law states that, a freely moving body on the 
Earth’s surface swerves to the right (with respect to the direction movement) from their 
straight path if it is in the northern hemisphere and to the left if it is in the southern 
hemisphere. The resulting deflection, named the Coriolis effect, is related to the 
principle of conservation of angular momentum. A water particle at rest at the equator 
carries an angular momentum from the Earth's rotation towards the east. When it moves 
north (poleward) it retains its angular momentum while its distance from the Earth's axis 
is reduced. To conserve angular momentum it has to increase its rotation rate around the 
axis. Therefore, the particle becomes faster than the Earth below it, i.e. it starts moving 
eastward. For the same principle, a particle moving equatorward in the northern 
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hemisphere tends to conserve the angular momentum decreasing its rotation rate and 
thus remaining west with respect to the Earth below it.      
The Coriolis force intensity proportionally depends on the speed of particle 
movement (V) and on the latitude (φ), with the relation 
 
Coriolis force intensity:                    F = 2 m V ω sinφ 
 
where m is the mass of the particle and ω is the rotation rate of the Earth. As a result, 
the Coriolis effect is zero for an exactly east-west movement along the equator and 
maximum at the poles (Fig. 2.2). Moreover, because of the continuous acceleration 
induced by the Coriolis force and directed perpendicular to the path, an increased 
deflection to the right or to the left, in the northern or southern hemisphere, respectively, 
will make a fluid flow to move on a circle (Fig. 2.2).    
 
Ekman Layer 
 Circulation of the lower atmosphere and of the ocean surface are inescapably 
linked together. At the interface level there is a transfer of kinetic energy from the 
atmosphere to the sea. Therefore, winds drive ocean currents by releasing some of their 
momentum to the oceanic surface layer. A wind blowing steadily the ocean surface sets 
the water in motion by dragging on the water surface, with waves being responsible for 
the roughness of the sea surface needed for the wind to exert a drag action. Slowly 
moving fluids flow as thin sheets sliding over each other, with a so called laminar flow. 
Because of the water viscosity (or internal friction), the wind-driven momentum of the 
sea surface is transferred from each moving fluid layer downward to the adjacent one. 
Wind stress thus produces a moving surface boundary layer that is known as Ekman 
layer (Gross & Gross 1996; Tomczak & Godfrey 2001).  
As the surface boundary as well as each deeper layer of water are set in motion, 
they are also deflected by the Coriolis effect, causing them to move to the right or the 
left of the overlying layer (in the northern or southern hemisphere, respectively). 
Moreover, the momentum gets progressively lost in each transfer between layers, and so 
Ekman current velocity decays exponentially with depth (Fig. 2.3a). Plotting the 
direction of water movement by arrows, whose length represents the layer speed, the 
current pattern produced is called the Ekman spiral (Fig. 2.3a). The surface layer is 
forced to move at an angle of 45° to the right of the wind direction when looking 
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downwind in the northern hemisphere (45° to the left of the wind in the southern 
hemisphere) and has a velocity varying from 2.5% to 1.1% of the wind speed depending 
on latitude (Stewart 2003). Because of the Coriolis deflection of each layer to the right, 
the direction of water movement shifts with increasing depth. The thickness of the 
Ekman layer corresponds to the depth at which the current velocity is exactly opposite 
to the velocity at the surface. Generally, with typical winds, such a depth, at which 
water flow is moving very slowly, is about 100-150 meters. Combining the water 
movements of all layers in the Ekman spiral, the wind-driven net component (i.e. 
vertically averaged) of transport in the Ekman layer results to be directed perpendicular 
to the mean wind stress, to the left in the southern hemisphere and to the right in the 
northern hemisphere (Fig 2.3b). 
For the practical purpose, to evaluate the actual effect of the wind on the water 
circulation experienced by the turtles, it is worth considering that the above described 
model is an idealized or borderline case, calculated for an infinite, homogeneous ocean 
(no density changes and no land boundaries). Since the ocean does not satisfy all these 
conditions, actual wind-induced water movements often differ appreciably from the 
predictions based on that idealized model. For these discrepancies, the angle between 
the direction of wind and surface-water movements varies from 15° in shallow coastal 
waters to the theoretical maximum of 45° in the open ocean. Similarly the depth of the 
Ekman layer varies from about 45 to 300 meters, depending on the latitude and on the 
water viscosity, which is a function of the density stratification (Pirie 1996; Stewart 
2003). Moreover, the influence of the wind stress and consequent associated stable 
surface currents is supposed to be substantial only when the winds blow at least for a 
few hours; otherwise, when wind direction and/or intensity are rather variable, there are 
no defined wind-driven current flows. The same can be assumed to occur with feeble 
winds.      
Wind stress blowing steadily parallel to the coast plays an important role in 
determining one of the most important phenomena from a biological point of view. It 
causes the Ekman layer to move at right angle to the wind direction thus producing a 
mass transport away from the coastline or shoreward. The presence of the continental 
shelf and of the associated shallow seabed restricts the resulting water movement. The 
water pushed offshore can be replaced only by water from below the Ekman layer. This 
slow process of vertical water movement from 100-200 m depth to the surface of the 
ocean is called upwelling. Because the upwelled water is cold, the upwelling leads to a 
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region of cold water at the surface along the coast. Upwelled water is colder than water 
normally found on the surface, and it is richer in dissolved nutrients (phosphates and 
nitrates) which fertilize phytoplankton in the mixed layer and, as a result, determine 
productive waters supporting growth of trophic chain (Miller 2003; Tomczak & 
Godfrey 2001).  
On the other hand, downward movements of coastal water (sinking) occur when 
the wind-driven movement of surface water is shoreward. Effects on coastal dwellers of 
such a phenomenon are less obvious; anyway they can modify radically the local 
abundance and distribution of organisms.  
 
Geostrophic Currents 
The distribution of seawater density varies throughout the ocean. Being a function 
of temperature, salinity and pressure, water density depends on various factors. First of 
all, the geographical and seasonal variation of the amount of heat radiation from the sun, 
together with the contingent atmospheric conditions (e.g. wind temperature, cloud 
cover) play a major role in determining a differential occurrence and intensity of heating 
and evaporation phenomena. Moreover, freshwater inflow from land and rainfall 
contribute, even if more locally, to the regulation of water mass physical properties.  
Less-dense waters occupy more volume per gram than denser waters. Therefore, 
two water columns of equal mass have different heights above a chosen level surface. 
The sea surface above the less-dense water will stand higher than the surface above the 
denser water. Such a phenomenon, together with differences in sea level arising by the 
effect of wind stress and by the presence of continent (e.g. the “piling up effect” when a 
flow impinges against the shore), makes sea surface topography to be characterised by 
the presence of hills and hollows (Gross & Gross 1996; Stewart 2003). Under the 
influence of gravity, a water mass piled up in a mound and another laying in a 
contiguous hollow region are subject to different pressure. In fact, the weight per unit of 
area of the water in the mound is greater than the weight of the water in a hollow, if a 
common depth level is considered. The consequent pressure gradient tends to be 
compensated (i.e. the ocean pressure field tends to become horizontal) with the resulting 
horizontal pressure gradient force causing the water to flow from regions of high 
pressure to regions of low pressure (Fig. 2.4a). If the Earth was not rotating, the 
response to this pressure gradient would be direct and simple: the water would 
accelerate towards the centres of low pressure. In actual fact, a water parcel at the top of 
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a hill, starting to move downhill under the influence of gravity, feels the effect of the 
rotation of the Earth, which deviates its motion until the pressure gradient acceleration 
is exactly compensated by the Coriolis acceleration (Fig. 2.4b, c). At the beginning, the 
Coriolis force is weak because the particle speed is low, but as the flow goes faster, the 
Coriolis force becomes strong enough to balance the pressure gradient. Such a balance 
between the Coriolis force and the pressure gradient force is called geostrophic (Earth-
turned) balance, and the corresponding flow is known as geostrophic current (Gross & 
Gross 1996; Tomczak & Godfrey 2001; Stewart 2003). Compared to movement on a 
non-rotating Earth, where the flow would cross isobars (contours of constant pressure) 
from high to low pressure, geostrophic flow is characterized by movement along 
isobars, with high pressure on its left (looking in the direction of current) in the southern 
hemisphere, on its right in the northern hemisphere (Fig 2.5). Resulting circulation 
around centres of low pressure (or convergence zones) is called cyclonic and circulation 
around centres of high pressure (or divergence zones) is called anti-cyclonic. Depending 
on the current rotation direction, the terms clockwise and anticlockwise are often used 
but they depend on hemisphere: cyclonic motion is anticlockwise in the northern 
hemisphere, clockwise in the southern hemisphere, whilst anti-cyclonic motion is 
clockwise in the northern hemisphere, anticlockwise in the southern hemisphere (Fig. 
2.5). It is evident that the steeper the gradient is, the larger the geostrophic velocity 
(speed of the geostrophic flow).  
Oceanographers assume that the major ocean currents are geostrophic currents, 
being components of cyclonic or anti-cyclonic gyres with dimensions nearly that of the 
ocean basins. Gyres are circular moving bodies of water of planetary scale driven by the 
global wind system (Pirie 1996; Kump et al. 2004). In both hemispheres the action of 
Westerlies and Trade winds, at medium and low latitudes respectively, and the 
constraining role of the surrounding continents produce a net Ekman transport 
converging to the centre of the ocean basins. The mound of water piled up by these two 
wind-driven transports creates a high pressure (anti-cyclonic) area in the centre of the 
basin. As a result, the radial pressure gradient force balanced by the Coriolis force 
brings to the formation of a geostrophic current system around the gyre, which will be 
clockwise in the northern hemisphere and anticlockwise in the southern hemisphere 
(Fig. 2.6). There are five principal gyres in world ocean: two each in the Pacific and the 
Atlantic Oceans and one in the Indian Ocean (Fig. 2.7). Each gyre consists of four 
current components: two zonal currents (eastward and westward oriented) and two 
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meridional boundary currents flowing northward and southward parallel to the 
continental margins. Oceanic gyres are not symmetric. Owing to the fact that Coriolis 
force varies over the globe as a function of latitude, increasing when moving away from 
the equator, an intensification of the currents on the western side of all oceans is 
recorded. These currents (e.g. East Australian Current, Gulf Stream, Agulhas Current) 
tend to be narrower, deeper and faster than their eastern counterparts (e.g. California 
Current). 
Another important aspect of geostrophic flow relates to the circulation around 
eddies. These consist in hydrodynamic instabilities brought about by pressure 
irregularities in the ocean, that form in the wake of currents (e.g. shear between currents 
flowing in opposite directions) or are generated by winds (Kump et al. 2004). They are 
turbulent or spinning flows resulting from the turbulence of the oceanic circulation and 
are common throughout the world ocean, especially in association with western 
boundary currents. Being themselves centres of high or low pressure areas, eddies 
correspond to anti-cyclonic or cyclonic circulation, respectively. As a result, their 
presence causes the water to move in accordance with the geostrophic balance, with 
geostrophic currents tending to flow around elevations or depressions following the 
circulation pattern previously explained (Fig. 2.4 and 2.5). Eddies may persist for weeks 
or months, and may be tens to hundreds of kilometres across, and thus are mainly 
regarded as current-related mesoscale features (Stewart 2003). They penetrate quite 
deep below the ocean surface and transport heat, salts and nutrients (Falkowski et al. 
1998; Miller 2003), playing an important role in modifying the hydrographic structure 
and current systems of the oceans. Oceanic cyclonic eddies have a shallow thermocline 
at the centre and are therefore also known as cold-core eddies; anti-cyclonic eddies are 
associated with a depressed thermocline in the centre and are also known as warm-core 
eddies. The most prominent eddies are those shed by western boundary currents (e.g. 
Gulf Stream, Agulhas current), also known as rings; they are about 200 km in diameter 
and reach a depth of over 1500 m.  
The assumptions underlying the geostrophic balance are valid in an idealized, 
frictionless ocean, where water has no viscosity. With rather good approximation, such 
a conditions can be found in the ocean interior (i.e. below about 100 m depth and about 
100 km away from coastlines) and away from the equator (where the balancing Coriolis 
force vanishes). Geostrophic flow is however an important part of the oceanic current 
field at all depths and locations. In order to obtain a representation of the surface 
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currents as reliable as possible it is therefore always necessary to consider that the pure 
geostrophic circulation, close to the surface and to boundaries is modified by frictional 
forces produced by the action of the wind and by the presence of coast and/or of the sea 
floor. In such a condition, all the occurring current components have to be evaluated and 
integrated. In any case, numerous comparisons of the predicted geostrophic currents 
with observed drift data obtained through different methods have shown that the 
geostrophic approximation is a useful, if not exact, technique to study ocean currents. 
 
2.2.2 Remote sensing techniques  
Remote sensing is the science of deriving information about different kinds of 
physical, chemical and biological properties of the Earth's surface and atmosphere 
without coming into physical contact with them (Avery & Berlin 1992; Sabins 1997). 
More specifically, remote sensing techniques rely mostly upon measurement of 
electromagnetic energy (i.e. visible light, infrared radiations, X-rays, ultraviolet light, 
etc.) reflected or emitted at different wavelengths by the features of interest (Campbell 
1987). Such measurements are obtained using airborne and satellite equipment. The 
result can be either photographs or digital imagery. Most commonly remotely sensed 
data are converted to false-colour thematic maps providing information derived from a 
wide range of spectral, spatial, and temporal scales (from synoptic to local). Image 
analysis, whether manual or computer-assisted, allows to derive information on the 
parameters under investigation from remotely-sensed imagery.  
The present work takes advantage of different kinds of satellite remotely-sensed 
data: sea surface height anomalies, sea surface temperature and ocean colour.   
 
Sea Surface Height Anomalies (SSHA) 
Since the pressure at any depth is determined by the weight of the water above, 
high and low pressure at any depth are equivalent to high sea level and low sea level. 
Geostrophic flow is therefore related to the shape of the sea surface. The geostrophic 
currents are proportional to surface slope, which is measured with respect to a particular 
level surface (i.e. surface of constant gravitational potential) that is called marine geoid 
and coincides with the surface of the ocean at rest (Stewart 2003). Such a surface, that is 
perpendicular to the force of gravity, is close to an ellipsoid of rotation that 
approximates the Earth’s surface as a sphere flattened at the poles, and corresponds to 
the surface of a rotating, homogeneous fluid in solid-body rotation (i.e. with the fluid 
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having no internal flow). However, the geoid differs from the reference ellipsoid 
because of local variations in gravity which are called geoid undulations and are due to 
the uneven distribution of mass at the sea floor (Fig 2.8). Excess mass at the sea floor, 
for example the mass of a seamount, increases local gravity because it is larger than the 
mass of water it displaces, rocks being more than three times denser than water. Since 
the shape of the geoid must be perpendicular to the local vertical determined by a plumb 
line, the excess mass of the seamount attracts the plumb line’s weight, causing the 
plumb line to point a little towards the seamount instead of towards the Earth’s centre of 
mass and thus producing a slight upward bulge in the geoid (Fig. 2.9). On the other 
hand, oceanic trenches have a deficit of mass, and they produce a downward deflection 
of the geoid. Thus, it appears clear that the marine geoid is closely related to sea-floor 
topography (Gross & Gross 1996).  
By definition, the geoid deviates from the sea surface because the ocean is not at 
rest. We define the topography of the sea surface to be the height of the sea surface 
relative to the geoid (Fig 2.8). The ocean’s topography is due to ocean dynamical 
processes (tides, ocean surface currents), and so it is usually called dynamic topography. 
It is important to note that whereas the maximum amplitude of the geoid undulations is 
roughly ± 100 m, the maximum amplitude of the topography is roughly ± 1 m, so it is 
small compared to the geoid undulations. Therefore the shape of the sea surface is 
mainly dominated by local variations of gravity rather than the influence of currents 
(Tomczak & Godfrey 2001). 
In essence, movements of water in the ocean are manifested by deflections of the 
sea surface, so that changes in mean sea level are associated with the strength and 
direction of the flow. Therefore, a reliable reconstruction of the ocean currents is 
supposed to need measurements of the sea level as precise as possible. In the last three 
decades, such measurements have become available thanks to the development and the 
improvement of very accurate remote systems flown in space onboard on purpose 
designed satellites.  
The first satellite altimetry measurements to map the ocean surface have been 
made in the seventies thanks to Seasat, an Earth-orbiting satellite flown in 1978 by the 
United States. Although it operated only for 105 days, it laid the groundwork for future 
missions. The Geosat satellite (GEOdetic SATellite) was launched in 1985 and ended 
its mission five years later. Its primary task was to measure the marine geoid for the US 
Navy. Once its 18-month mission was over, the satellite was put on a 17-day repeat 
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orbit (800 km), and provided the scientific community with altimetry data for over three 
years through NOAA (National Oceanic and Atmospheric Administration). Geosat was 
the first mission to provide long-term high-quality altimetry data. More missions were 
launched in the 1990s: the main task of ERS (European Remote Sensing) satellites 
(ERS-1, ERS-2), which were built by the European Space Agency (ESA), is to observe 
Earth, in particular its atmosphere and ocean, using different kinds of instruments, 
including a radar altimeter by which estimate week-to-week variability of altimetry and 
thus of currents. ERS-1 was sent into orbit in 1991 and switched off in 1996. ERS-2 
was launched in 1995, but from 2003, owing to failures to onboard tape recorder used 
for the altimeter, ERS-2 altimetry data are unavailable except within the visibility of 
ESA ground stations over Europe, North Atlantic, the Arctic and western North 
America. The two ERS satellites worked in tandem flying between 82°S and 82°N on 
identical 35-day repeat orbits with a one-day shift. 
In 1992, a partnership between the USA (NASA, Jet propulsion Laboratory) and 
France (CNES) led to the launching of the TOPEX/Poseidon satellite to study ocean 
currents. Flying at an altitude of 1336 m and passing over the same ground position 
(repeat orbit) about every 10 days, this spacecraft is able to uniformly measure his own 
height above the ocean surface with unprecedented accuracy1 (± 3.2 cm) and precision2 
(± 2 cm) almost everywhere in the world ocean (up to 66° North and South).  
In early 2002 Topex/Poseidon assumed a new orbit midway between its original 
ground tracks. The former Topex/Poseidon ground tracks were overflown by Jason-1. It 
initially flew in tandem with TOPEX/Poseidon doubling the global coverage. On 
October 2005 Topex/Poseidon mission ended and Jason-1 has continued and currently 
carries on the task of providing the important oceanographic data time-series originated 
by TOPEX/Poseidon, being provided with updated versions of the same instruments.  
Basically, all these altimetric satellites are capable to measure the height of the 
Earth-orbiting spacecrafts above the sea surface (Chelton et al. 2001). They are 
equipped with a radar that sends out microwave pulses at two different radio 
frequencies and listen for their echoes from the sea surface. It carefully measures the 
time it takes the radar pulse to go down and get back, also correcting for the presence of 
wave and for variable amounts of water vapour in the lower atmosphere and free 
electrons in the upper atmosphere (ionisation), both of them delaying microwave pulses. 
The distance from the satellite to the ocean surface can be calculated by simply dividing 
                                                 
1 Accuracy is the difference between the measured value and the true value 
2 Precision is the difference among repeated measurements 
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the travel time by two and multiplying this result by the speed of light (at which 
electromagnetic waves travel) (Chelton et al. 2001; Le Traon & Dibarboure 2004). This 
distance is called altimetric range (AR in Fig. 2.10a), and it is used to calculate the Sea 
Surface Height (SSH), that is the range at a given instant from the sea surface (or sea 
level) to the reference ellipsoid (Fig. 2.10a, b). Such an essential measure is simply the 
difference between the satellite orbit altitude (OA) and the altimetric range: 
 
SSH = OA – AR 
 
where the satellite orbit altitude is the precise height of the spacecraft above the 
reference ellipsoid. This is achieved through a technique called precise orbit 
determination (POD), which allows oceanographers to accurately locate the spacecraft 
relative to the ocean's surface (Ducet et al. 2000; Chelton et al. 2001). This technique 
combines satellite tracking information collected by three onboard independent 
instruments (e.g. GPS) with accurate models of the forces (e.g. gravity, aerodynamic 
drag) that govern the satellite motion.   
As previously mentioned, knowing the marine dynamic topography would 
represent the optimal condition to obtain a reliable estimation of the geostrophic 
currents, but that parameter can be calculated only by mathematically subtracting the 
sea height caused by gravity from SSH (Fig. 2.10b): 
 
ADT = SSH – GUn 
 
 To do this, precise local measures of the geoid undulations are needed, whose 
acquisition is unfortunately difficult to achieve. Until recent years, the dynamic 
topography has indeed not been well known within ranges smaller than 1600 km 
because geoid errors dominate for shorter distances. 
An efficient method to bypass this difficulty in determining the geoid surface 
needed to map absolute topography, is represented by limiting the oceanographic 
analysis to the variations in ocean topography. In fact, as altimetric satellites fly over the 
same point on Earth at regular intervals of time, any change in the level of the ocean 
between two consecutive passages can be easily recorded (Le Traon & Dibarboure 
2004). Changes in topography are therefore calculated matching subsequent records of a 
parameter that is called Sea Surface Height Anomaly (SSHA). It represents the 
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difference between the sea surface height (SSH) at the time of measurement and the 
mean sea level (MSL), which is the mean distance above the reference ellipsoid of the 
ocean surface for a given region and time of the year (Chelton et al. 2001) (Fig. 2.10b): 
 
 
 
MSL derives from integrated data series of Topex/Poseidon, ERS and Geosat satellites 
and is averaged over an appropriate time period to remove short-term variations.  
 
Given that                                       SSH = GUn + ADT 
 
and                                                 MSL = GUn + MDT 
 
where GUn is the geoid undulation, ADT is the absolute dynamic topography and MDT 
is the mean dynamic topography (Fig. 2.10b), it turns out that  
 
SSHA = GUn + ADT - (GUn + MDT)  
 
Finally, as the Earth’s gravitational field does not change with time (well at least on the 
time scales we are looking at), geoid undulations for a given region can be considered 
constant and therefore the subtraction removes them:  
 
SSHA = ADT - MDT 
 
Just because of the way they are defined, SSHAs do not provide a reliable 
representation of the actual geostrophic currents but only reveal major temporal 
variations in course and speed of currents, identifying the occurrence of mesoscale 
oceanographic features, like eddies or filaments (Chelton et al. 2001). A positive 
anomaly, for instance, indicates the occurrence of an increase in sea level, that witnesses 
the presence of an anti-cyclonic centre. In correspondence of this, the water can be 
expected to move according to the pattern described for the geostrophic balance 
conditions (see Fig. 2.5 and geostrophic currents paragraph for comments). It is 
however worth noting that altimetric anomalies can by no means provide information 
about steady currents, no matter how strong these currents are. Moreover, there is not a 
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certain one-to-one correlation between the record of altimetric anomalies and the 
occurrence of eddies. In fact, SSHA analysis does not take into account the effects of 
water flow due to the influences of the Ekman layer and of frictional forces (near the 
coastlines), which sometimes may have higher relevance than the variation in the 
geostrophic component highlighted by the anomaly measures. For this reason, other 
independently obtained data, such as thermal infrared imagery as well as buoy tracks 
and direct knowledge deriving from oceanographic surveys of the region, are usually 
integrated by oceanographers to reasonably assume that the recorded anomalies show 
the actual presence of correspondent eddies.  
Thanks to the employment of more efficient altimetry satellites and to the 
development of new gravimetric satellite systems capable of measuring Earth’s mass 
distribution with reliable accuracy, very recently scientists have been provided with 
valuable methods to improve geopotential models (Stewart 2003). This allowed them to 
calculate and map the dynamic topography of the ocean (Fig. 2.10a, b) which is on the 
order of one metre thick and can be also seen as the addition of mean dynamic 
topography and SSHA at a given place and time (AVISO 2004): 
 
 ADT = SSH - GUn = MDT + SSHA 
 
where           MDT = MSL - GUn 
 
Nowadays, new satellite systems Grace and Champ are measuring the gravity on 
the Earth’s surface with enough accuracy that geoid undulation error is small enough to 
ignore it over distances as short as 100 km. The employed mapping procedure uses 
optimal interpolation to generate one map for each altimeter mission but also a 
combined map merging measurements from all available altimeter missions (Ducet et 
al. 2000). Combining data from different missions has been widely demonstrated to 
significantly improve the estimation of mesoscale signals (Pascual et al. 2006). The 
values of the geoid undulations are used to calculate a 0.25 x 0.25 degree grid, whose 
cross-points are then interpolated to the position of the sea surface height recorded by 
altimetric satellites. As a result, ADT measurements obtained are so detailed they allow 
scientists to reconstruct a reliable representation of the actual surface current flows 
(AVISO 2004). In this way, datasets including intensity and direction values of 
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geostrophic current velocities (absolute geostrophic velocities) are available for most of 
the world ocean as pairs of vector components (zonal and meridional components).  
Although this represents the most valuable instrument for the remote study of the 
ocean surface circulation, the ADT analysis cannot be employed without taking into 
account the assumptions it is based on, which, of course, determine its limits of use. 
Therefore, it is necessary to remember that pure geostrophic balance conditions are 
realized only in an idealized, frictionless ocean that can be reasonably assumed to be 
found only in the ocean interior (away from the surface and coastline). Especially when 
trying to obtain a reliable representation of the sea surface current circulation, an 
evaluation of the relevance of Ekman effect in the considered region is always needed, 
as well as comparison of data obtained by independent oceanographic tools (e.g. 
thermal images). Actually, as far as the shallow portion of the water column is 
concerned, particular attention has to be paid to the influence of the dragging action of 
the wind, whose deflective effects on the current motion are not taken into account in 
most of the models which the calculation of the absolute geostrophic velocity is based 
on (e.g. AVISO dataset). Finally, it must be noticed that satellite altimetry does not able 
us to have reliable data for areas closer than about 15 km from the coasts.   
 
Sea Surface Temperature (SST) 
The Advanced Very High Resolution Radiometer (AVHRR), which is flown 
onboard the NOAA Polar-orbiting Operational Environmental Satellites since 1985, is 
an instrument capable of measuring the amount of radiation emitted from the sea 
surface (May et al. 1998). It collects data with a nominal spatial resolution of 1 to 4 km 
from five spectral channels, in the visible, near-infrared and thermal infrared portions of 
the electromagnetic spectrum. In this way, it measures what is called the “skin 
temperature” of the ocean, that is the temperature of the upper microns of the water 
column. Radiance data are then processed with a standard multi-channel algorithm, that 
allows for the thermal properties of the possible intervening clouds, and gridded by 
optimal interpolation by the Modular Ocean Data Assimilation System (MODAS). 
Finally they are made available as false-colour SST images and can easily be 
downloaded from various online datasets.  
Satellite sea surface temperature (SST) images provide a synoptic view of the 
ocean and allow the examination of the upper ocean dynamics if they are viewed at a 
higher frequency. Therefore thermal analysis is an excellent complementary tool for 
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obtaining indications on the pattern of major current flows, on the occurrence and 
location of convergence or frontal zones and on the temporal and spatial variability of 
unstable current-related features, such as cold and warm core eddies, in any oceanic 
region (Tomczak & Godfrey 2001).  
 
Ocean Colour Images (SeaWiFS) 
A very important biological parameter for the study of the ocean dynamics is the 
primary production. This is the amount of the organic material produced by autotrophic 
organisms, on the whole called marine phytoplankton, that occupy the lowest levels of 
the food chain and use sunlight and inorganic chemical molecules as sources of energy 
(Falkowski et al. 1998; Miller 2003). Phytoplankton contains chlorophyll-a, a green 
pigment used to capture energy from the sun and convert water and carbon dioxide into 
new plant material and oxygen through the photosynthetic process. Therefore, the 
concentration of microscopic marine plants can be derived both on a local and global 
scale by measuring the density of chlorophyll-a in water masses (National Aeronautics 
And Space Administration 1994).  
Such density is usually measured from space by evaluating the colour of the ocean 
surface. When sunlight hits the ocean, some of it is reflected back directly but most of it 
penetrates the ocean surface and interacts with the water molecules that it encounters. 
Most of the light that is scattered back out of clear open ocean water is blue, while the 
red portion of the visible spectrum is quickly absorbed very near the surface. This is the 
reason of the blue colour of the vast majority of the oceans. However, there are many 
elements in addition to just water molecules in the ocean and these elements can change 
the colour that we see. Although microscopic, phytoplankton can bloom in such large 
numbers that they can change the optical properties of the ocean to such a degree that 
we can measure that change from space thanks to suitable sensors. The basic principle 
behind such measuring process is simple: the more phytoplankton present, the greater 
the concentration of plant pigments and the greener the water (National Aeronautics 
And Space Administration 1994). 
Remote sensing of ocean colour from space began in October 1978 with the 
successful launch of Coastal Zone Color Scanner (CZCS) which was flown onboard 
NASA's Nimbus-7 polar-orbiting satellite. This instrument was devoted to the 
measurement of ocean colour in coastal waters and ceased operations in 1986 (Hooker 
et al. 1993). Ten years passed before other sources of ocean-colour data became 
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available with the launch of other European and Japanese orbiters in 1996. Thereafter, 
on August 1, 1997 NASA launched the Orb-View 2, a polar-orbiting satellite that flies 
at an altitude of 705 km. It is operated by ORBIMAGE, a leading global provider of 
geospatial imagery products and services (USA), and carries a special sensor, the Sea-
viewing Wide Field-of-view Sensor (SeaWiFS), a follow-on bio-optical scanner able to 
measure the intensity of the reflected radiation emitted daytime from within the ocean 
(water-leaving radiance) by analysing eight different bands in the visible and near 
infrared part of the electromagnetic spectrum (wavelengths between 412 and 856 nm) 
(O’Reilly et al. 1998). Most of the ocean radiance seen by the satellite comes from the 
atmosphere (air molecules and aerosols). Only about 10% comes from the sea surface. 
Processing ocean-colour dataset by suitable algorithm and calibration, SeaWiFS Project 
removes the influence of the atmosphere and provides researchers with quantitative data 
on the concentration and variability of chlorophyll in the upper layers of the water 
column, as well as the distribution and timing of blooms (McClain et al. 1998).  
Therefore, since the trophic fluxes of marine food chains depend on the supply of 
phytoplankton at the base, analysis of chlorophyll-a density constitutes a valuable tool 
for determining the abundance and distribution of ocean biota (i.e. zooplancton, fishes 
and top predators including sea turtles). Furthermore, the distribution patterns of 
phytoplankton, often relating to mechanisms of mixing involving water masses with 
different physical and chemical properties, can provide meaningful information on the 
surface current circulation. In particular SeaWiFS images highlight regions where the 
high chlorophyll-a concentration is due to current interactions with the coast (upwelling 
systems) or with other currents (oceanic fronts and eddies).  
 
2.2.3 Lagrangean surface drifters  
Oceanographers distinguish between two techniques for directly measuring 
currents: Lagrangean and Eulerian. Lagrangean techniques follow a water particle, both 
on the surface or in deep water, whilst Eulerian techniques measure the velocity of 
water at a fixed position.  
Detailed information on the seasonal course of the currents can be obtained by 
analysing the tracks of oceanographic Argos-linked Lagrangean drifters (Swenson & 
Shaw 1990). They are deployed in the areas of interest from a ship or an aeroplane and, 
given their completely passive movement within current, follow trajectories accurately 
representing the water mass flows. Depending on the structure and the movement depth, 
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one can distinguish two typologies of oceanographic buoys: surface drifters, which 
provide information on the upper layers of the water column (up to 100 m), and 
subsurface drifters, which are specifically built to reach depths of over 1000 m. In this 
dissertation, datasets referring to surface drifters were exclusively employed, given that 
the vast majority of the sea turtle activity is limited to depths less than 200-250 m 
(Lutcavage & Lutz 1997).  
Many types of surface drifters have been developed, culminating with the holey-
sock drifter now widely used to track surface currents (Niiler 1995). The most common 
type of drifting buoy is made up of three parts (Fig. 2.11). The first one consists of a 
circular, cylindrical drogue of cloth 1 m in diameter by 15 m long with 14 large holes 
cut in the sides. It acts like an underwater sail, helping the drifter to move with the flow 
of water when it is pushed by the ocean current and minimizing external noises. In fact, 
without a drogue, the buoy would be mostly blown along by the wind and displaced by 
the breaking waves, not by the currents. The weight of the drogue is supported by a 
submerged float set 3 m below the surface. Then, this submerged float is fastened to a 
spherical float (about 36 cm in diameter) just below the oceanic surface containing an 
Argos-linked satellite transmitter as well as various sensors which may measure various 
parameters such as sea surface temperature, wind, salinity, pressure, ocean colour 
(irradiance), conductivity and submergence. Signals relayed from Argos satellites allow 
to determine the drifter position with an approximately 500 m average accuracy. Such 
locations are then processed with an every six hours interpolation. A typical drifter 
tracking have a mean duration of about 1.5 years.  
  
2.3 Geographic Information System 
A Geographic Information System (GIS) is a collection of computer hardware, 
software, and geographical data for capturing, managing, analysing, and displaying all 
forms of geographically-referenced information (Delaney 1999). For the present work, 
the GIS software Arc View 3.2 (by Environmental Systems Research Institute Inc., 
Redlands, CA) was used to plot and spatially analyse the turtles’ and drifters’ routes as 
well as to superimpose the different parts of the routes on the simultaneous remote 
sensing images.  
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Location type LC Estimated accuracy in latitude and longitude 
3 < 150 m 
2 150 m ≤ EA ≤ 350 m 
1 350 m ≤ EA ≤ 1000 m 
Standard location: 
calculated from at least four 
messages received during the 
satellite pass 
0 > 1000 m 
Location Service Plus: 
Three messages received A Not available 
Location Service Plus: 
Two messages received B Not available 
 
Table 2.1 Argos assigns a location class (LC) only to fixes obtained upon receiving at 
least 4 PTT messages; in the other cases (A and B classes) when 3 or 2 messages are 
received location can be established but no estimate of accuracy is made. After ARGOS 
User Manual (1992). 
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Receiving 
station 
Fig. 2.1 Schematic functioning diagram of the Argos System. Platform transmission 
(signal with frequency of 401.650 MHz) is received from satellites and relayed to the 
receiving ground stations (signal with frequency of 136.770 MHz), which process data 
and send results to users. 
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North
South
Equator
Increasing 
deflection 
to the left
Increasing 
deflection 
to the right
Fig. 2.2 Coriolis effect on a particle 
moving on the Earth’s surface. 
There is no deflection at the equator. 
The movement is deflected to the 
right in the northern hemisphere and 
to the left in the southern 
hemisphere. Redrawn from Gross & 
Gross 1996. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3 Water movement in a wind-
driven current in the northern 
hemisphere. (a) Ekman spiral generated 
in the water column (redrawn from 
Stewart 2003); (b) top view shows the 
surface current direction and the net 
water movement directing perpendicular 
to the mean wind stress, to the right of it. 
Further explanations in the text.   
 
(a) 
(b) 
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(a) 
 
 
(b)
(c) 
 
 
 
Fig. 2.4 (a) Sea surface slope produced by difference in water density and consequent 
pressure gradient force forming from regions of high pressure to regions of low pressure; 
(b) water deviation under the effect of the Earth’s rotation; (c) water flowing downhill 
from a raised sea surface reaches the geostrophic balance, when the horizontal pressure 
gradient force is compensated by the apparent Coriolis force .  
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Fig. 2.5 Schematic diagram representing the geostrophic circulation around centres of 
high pressure (HP) and low pressure (LP) in the northern and southern hemisphere, 
respectively. In the northern hemisphere, cyclonic areas (blue gradation) have 
anticlockwise circulation (Coriolis deflection to the right) and anti-cyclonic areas (red 
gradation) have clockwise circulation (Coriolis deflection to the left). Below the equator 
rotation directions are reversed.    
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Fig. 2.6 Schematic diagram and step-by-step synthesis of the mechanism involved in 
the formation of oceanic gyre in the northern hemisphere. Blue arrows indicate the 
rotation sense the wind-driven surface currents are forced to follow by the presence of 
continents and by action of the Westerlies and Trade winds. Redrawn from Kump et al. 
2004. 
 
 
Fig. 2.7 Major surface current systems. The five main gyres in world ocean are  
represented: two each in the Pacific and the Atlantic Oceans and one in the Indian 
Ocean. They flow clockwise in the northern hemisphere and anticlockwise in the 
southern hemisphere. 
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Fig 2.8 The diagram schematically shows the mutual relationship between reference 
ellipsoid (black line), marine geoid (red line) and sea surface (blue line). The shape of 
the sea surface is due to uneven distribution of gravity, which produces the geoid 
undulations, and to ocean currents which produce the oceanic topography. Adapted 
from Stewart 2003. 
 
 
 
 
 
Fig. 2.9 An increase in local gravity due to the presence of a seamount on the sea floor 
causes the geoid to deflect to an upward bulge. Arrows represent the plumb lines 
deflected toward the seamount. Adapted from Stewart 2003. 
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(a) 
 
 (b)
 
 
Fig. 2.10 (a) Schematic diagram of the technique by which sea surface altimetry 
measurements are collected through radar altimeters flown onboard Earth-orbiting 
satellites. AR is the altimeter range measurement, GUn is the geoid undulation, OA and 
SSH are the orbit height and the surface height, respectively, relative to the reference 
ellipsoid. Different tracking systems, among which GPS, are used to achieve the precise 
orbit determination of the satellite. Sea surface height (SSH) is calculated as the 
difference between OA and AR; (b) diagram representing the main parameters and 
surface levels oceanographers rely on to analyse ocean altimetry. See text for 
explanations. The most important parameters are written in red. SSHA: sea surface 
height anomaly, MDT: mean dynamic topography, ADT: absolute dynamic topography, 
SL: sea level, RE: reference ellipsoid, G: geoid, GUn: geoid undulations, MSS: mean 
sea surface, that corresponds to the mean sea surface height. 
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Tether (3m
)
H
oley-sock drogue (15m
)
Subsurface 
float 
Surface 
float 
1 m
Fig. 2.11 Schematic diagram of a holey-sock drifter. This surface drifter consists of 3 
components. The weight of a circular, cylindrical drogue of cloth with 14 large holes cut 
in the sides is supported by a submerged float set 3 m below the surface. The submerged 
float is tethered to a partially submerged surface float carrying the Argos-linked 
transmitter and various environmental sensors. 
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3.1 
Influence of ocean currents on long-distance movement of 
leatherback sea turtles in the South-west Indian Ocean 
 
 
Running title: Influence of ocean currents on leatherback movement 
 
 
 
ABSTRACT. Leatherback turtles (Dermochelys coriacea) spend most of their life in 
the oceanic environment, whose physical and biological characterisation is primarily 
forged by sea circulation and related features. Water mass movements can mechanically 
act on swimming turtles, thus determining the shape of their routes, and can as well 
differentially distribute their planktonic preys. By integrating satellite tracking data with 
contemporaneous remote-sensing information, we analysed the postnesting journeys of 
nine female leatherbacks with respect to variable oceanographic surface conditions. 
Tracked turtles showed a large degree of variation in migration routes as well as 
in final destinations, apparently without heading for specific foraging areas. Their 
complex tracks spread over wide regions around the southernmost part of the African 
continent. Soon after leaving their nesting beach in north-eastern South Africa, most 
turtles moved south-westward, with some keeping a course parallel to the coastline, and 
others heading more offshore to carry out prolonged, convoluted legs in areas where 
persisting eddies were localised. Four turtles remained for some weeks at low latitudes 
either frequenting inshore waters, or making extensive offshore loops again in 
correspondence of eddies. Two turtles entered the South Atlantic Ocean approaching the 
upwelling regions off Namibia coast, and one joined the Agulhas Return Current ending 
up in the Subtropical Convergence.  
These results are in accordance with previous findings in showing a strong 
influence of oceanic currents and mesoscale features on the movements of South 
African leatherbacks, as also evident from the impressive similarity between turtle 
routes and those of surface drifters tracked in the same regions. The observed variability 
in leatherback movements can be explained, at least partially, by the mutable 
oceanographic conditions experienced. 
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INTRODUCTION 
 
For animals travelling in a moving medium, the movement of the medium may 
have profound impacts on the animal’s trajectory. Classic examples concern the impact 
of wind on the journeys of birds and of ocean currents on the movement of marine 
animals, especially as regards larval dispersion (Dingle 1996; Alerstam et al. 2003). 
However, currents may affect not only larvae, but also nektonic animals capable of 
strong active swimming, like sea turtles (Luschi et al. 2003a). While small turtle 
hatchlings are known to be advected around entire ocean basins by currents, adult turtles 
too can be affected to some degree by current circulation in their movements. This 
applies even to the largest extant species of turtle, the leatherback (Dermochelys 
coriacea), which most markedly displays pelagic habits (Plotkin 2003; Luschi et al. 
2003a). Their specific preferences for patchily-distributed pelagic prey, cause these 
turtles to wander over large regions while feeding on macroplankton in the epipelagic 
zone (Hays et al. 2004a; James et al. 2005). Nowadays, the movement patterns of 
female leatherbacks leaving nesting beaches can be reconstructed thanks to satellite 
telemetry. Indeed, tracking studies have shown that postnesting leatherbacks carry out 
extensive oceanic movements, following complex routes showing a high degree of 
inter- and intra-individual variation (Morreale et al. 1996; Luschi et al. 2003b; Hays et 
al. 2004b; Ferraroli et al. 2004; Eckert & Sarti 1997).  
The main environmental factor marking the oceanic areas visited by migrating 
turtles is represented by marine currents and related features, which primarily contribute 
to the physical and biological characterization of the oceanic regions. Besides 
determining the general water circulation and thus exerting mechanical actions on 
swimming animals, sea currents are responsible for differential distributions of 
planktonic primary producers, and thus also of animals of higher trophic levels, 
including top predators like leatherbacks. The integration of satellite tracking findings 
with contemporaneous oceanographic information is therefore likely to produce 
meaningful insights on leatherback at-sea behaviour. The few previous studies 
attempting such an approach have indeed indicated that leatherbacks and other pelagic-
dwelling turtles often display a preference for enhanced productivity areas such as 
fronts and eddies, with currents being able to influence the routes followed, up to the 
point to largely determine the shape of the turtles’ routes (Luschi et al. 2003b; Ferraroli 
et al. 2004; Polovina et al. 2004). 
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Central to the life history of turtles is that nesting beaches are often distant to 
foraging areas (Plotkin 2003; Luschi et al. 2003a). However, for leatherback turtles 
nesting in South Africa, long distance movements might simply be a consequence of 
current advection, rather than a determined effort to swim to distant sites. Inter-annual 
variations in currents adjacent to the nesting beaches might therefore determine marked 
inter-annual differences in postnesting movements, i.e. in some years turtles are carried 
to distant areas while in other years they are not. Since leatherback routes and 
destinations can vary in different years and even within the same season (Hays et al. 
2004b; Ferraroli et al. 2004), it appears worth to investigate whether, and to which 
extent, the observed variations in leatherback migration patterns are linked to the spatial 
and temporal variability in oceanographic conditions. The South-west Indian Ocean is 
an optimal region in which to investigate the behaviour of marine animals in relation to 
ocean currents. While the water flow of this region is dominated by the greater Agulhas 
Current system, a wide range of current types, speeds of water, scales of motion and 
potential food sources are found (Lutjeharms 2001). To test this prediction of inter-
annual variability in tracks, here we compile and analyse tracking data from nine turtles 
over eight different years. Our results have important implications for general models 
on the evolution of animal movements since we attempt to show how much of the 
turtles’ movements are simply a consequence of passive advection.  
 
Physical setting. The most prominent current in the South-west Indian Ocean is 
the Agulhas Current, which flows along the east coast of South Africa following the 
continental shelf edge quite closely (Fig. 3.1.1). The location of the most northerly 
expression of the current along this coastline is uncertain: it starts somewhere between 
the cities of Durban and Maputo, but this position may be quite variable (Flemming & 
Hay 1988). The current is 60-100 km wide at the sea surface (Beal & Bryden 1999) and 
surface speeds in its core can exceed 7.2 km/h, decreasing with distance offshore. Its 
waters are distinctly warmer and saltier than the ambient water masses, and are 
generally oligotrophic with strips of higher productivity sometimes found at its borders 
(Lutjeharms & Walters 1985).  
South-west of the continent the current retroflects with most of its water returning 
eastward to the Indian Ocean along the Subtropical Convergence as the Agulhas Return 
Current (Lutjeharms & Ansorge 2001). At the western termination of the Agulhas 
Current, huge rings of Agulhas water are shed by the occlusion of the retroflection loop, 
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subsequently drifting off into the South Atlantic Ocean at 5-15 km/day (Boebel et al. 
2003) (Fig. 3.1.2). Filaments of surface water from the Agulhas Current can also drift 
into the south-eastern Atlantic Ocean (Lutjeharms & Cooper 1996). The Agulhas 
Return Current exhibits some large meanders and its surface speed decreases with 
distance eastward as does the meridional intensity of the front along which it moves. 
Events of high productivity are spasmodically found at the Subtropical Convergence 
(Llido et al. 2005). At 60º-70º E the effect of the Agulhas Return Current is lost and the 
flow along the Subtropical Convergence is much weaker.  
The Benguela Current on the western side of southern Africa has, by contrast, 
entirely different characteristics. It represents the weak eastern boundary current of the 
south-eastern Atlantic Ocean: in its southern part its average speed at the sea surface is 
uncertain since the motion is nearly totally dominated by the passage of intense Agulhas 
rings and cyclones of the region (Fig. 3.1.2). Estimates of the mean surface drift, based 
on all flow components, give average drift rates of 5 to 15 km/day (Wedepohl et al. 
2000). Adjacent to the Benguela Current proper lies the wind-driven coastal upwelling 
system of the same name (Shannon & Nelson 1996), a highly productive region 
extending the shelf edge, with occasional filaments of cold, nutrient-rich water 
spreading far offshore (Lutjeharms et al. 1991). The front between the upwelled water 
and the warmer offshore water is convoluted, consisting of filaments, eddies and 
vortexes (Stockton & Lutjeharms 1988).  
Along the coast of south-eastern Africa a number of lee eddies are formed, the 
most prominent of these being the Delagoa Bight eddy (Lutjeharms & da Silva 1988) 
that is frequently found in the bight off Maputo. This eddy may be partially driven by 
the passage of large eddies that are formed in the narrows of the Mozambique Channel 
and that drift poleward (de Ruijter et al. 2002). These latter deep-sea eddies form an 
important component of the circulation in the central South-west Indian Ocean that 
abuts the eastern South African coast. They may be joined by similarly intense eddies 
coming from east of Madagascar (e.g. de Ruijter et al. 2003).  
This assemblage of an intense western boundary current, a weak eastern boundary 
current adjacent to a coastal upwelling and a host of eddies of different dimensions, 
intensities and senses of rotation represents nearly the full range of ocean circulatory 
features that marine animals could encounter anywhere in the world. 
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MATERIALS AND METHODS 
 
Turtles and transmitters. Nine female leatherback turtles nesting in the 
Maputaland Marine Reserve, South Africa, between 1996 and 2003 (Table 3.1.1), were 
followed through Argos system during their postnesting movements. Three different 
models of transmitters, produced by Telonics (Mesa, AZ, USA) and by the Sea 
Mammal Research Unit (University of St. Andrews, UK), were deployed, and were 
programmed with different duty cycles (Table 3.1.1). The transmitters were placed on 
the top of the carapace with harnesses (Luschi et al. 2003b). The Argos system provided 
location data classified into six accuracy levels, and the routes were reconstructed using 
all fixes and filtering out those locations which were on land or produced ground speed 
values larger than 10 km h-1 (a threshold estimated from high-accuracy locations only).  
 
Remote sensing data. The reconstructed turtle routes were analysed in relation to 
a number of contemporaneous environmental physical and biological parameters 
recorded through satellite remote-sensing techniques.  
Sea surface temperatures (SST) were derived from Multi-channel data sensed 
through the Advanced Very High Resolution Radiometer on board the NOAA 14 
satellite (nominally 1 km spatial resolution). Data were gridded by optimum 
interpolation by the Modular Ocean Data Assimilation System and made available by 
Naval Research Laboratory (Stennis Space Center, MS, USA; 
http://www7320.nrlssc.navy.mil/altimetry). 
Sea surface height anomalies (SSHA) images deriving from measurements made 
by the TOPEX/Poseidon satellite, are available from the Colorado Center for 
Astrodynamic Research (University of Colorado, Boulder, CO, USA; 
http://e450.colorado.edu/realtime/gsfc_global-real-time_ssh/) in the form of 10-day 
averages ending at the given date. They revealed temporal variations in course and 
speed of major currents, identifying the occurrence of mesoscale oceanographic 
features, like eddies or filaments, while SST images gave indications of the general 
course and geographic location of the Agulhas current. The integration of these two 
information sources is particularly valuable to portray rapidly changing oceanographic 
features such as passing eddies. 
Finally, ocean colour images were obtained from Sea-viewing Wide Field-of-view 
Sensor (SeaWiFS) on board the Orb-View 2 satellite (SeaWiFS Project, 
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http://oceancolor.gsfc.nasa.gov/). They were used to get indications of the chlorophyll-a 
concentration in the upper layers of the water column and so of their productivity.   
 
Other methods. Valuable evaluations of current effects on turtle movements were 
made by considering existing observations of Lagrangian buoys tracked with Argos in 
the same region as turtles. Drifter data were obtained from the Atlantic Oceanographic 
Meteorological Laboratory (http://www.aoml.noaa.gov/phod/trinanes). To compare 
these routes with those of the turtles, we chose all the drifters (n=21) which passed in 
1996-2003 through the region 25-30° S, 32-36° E (see Fig. 3.1.4), and considered their 
track from when they entered such region onwards. To evaluate their speed while in the 
Agulhas mainstream the parts of the tracks which ran along the eastern coast of South 
Africa were selected (n=14). The possibility of placing drifters concurrently with the 
departure of turtles from nesting beaches would of course be ideal. In a current as 
geographically stable as the Agulhas, non-simultaneous drifters however remain reliable 
estimators for Lagrangian motion. 
A GIS software (Arc View 3.2) was used to plot the turtles’ and drifters’ routes as 
well as to superimpose the turtles’ routes on the remote sensing images.  
 
 
RESULTS 
 
General movement patterns. The complete set of tracks of the nine leatherback 
turtles shows a large degree of variation (Fig. 3.1.3), with a number of geographic 
patterns to their movements being self-evidently compelling. A first distinction can be 
made between those turtles that remained at low latitudes at least for some weeks, two 
of them performing large offshore loops and two moving in inshore waters, and the 
larger number of animals moving south-westward soon after leaving nesting areas. Of 
these, some kept a course closely parallel to the coastline of eastern South Africa, while 
three headed more offshore, in two cases spending long periods in seemingly restricted 
areas. Further, other patterns may also be discerned for the two turtles entering the 
South-east Atlantic Ocean, and for the one turning to an eastward direction.  
Drifters passing offshore northern South Africa displayed patterns of movement 
similar to the turtles’ ones, broadly sharing the same area with tracked turtles (Fig. 
3.1.4). Three of the 21 selected buoys remained at low latitudes <30° S (pink routes), 
whereas the rest generally moved south-westward. Of these, six displayed prolonged 
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circuitous tracks over a wide region off the Agulhas mainstream (green routes), with 
three of them subsequently reaching waters east of 35° E, which have never been 
frequented by tracked turtles. Finally, of the twelve drifters which moved quickly along 
the Agulhas mainstream, four entered the Atlantic basin and three were captured by the 
Agulhas Return current (blue and red routes in Fig. 3.1.4, respectively). 
To investigate how the described general patterns of movement of leatherback 
turtles agree with the known circulation patterns of the region, it may therefore be 
convenient to treat the different cases separately.  
 
Movements in the Agulhas Current proper. Figure 3.1.5 shows those parts of the 
tracks of the 7 turtles that moved rapidly south-westwards along the coast. This has 
been the type of movement most commonly displayed by our turtles, and has taken 
place over an eight-year period. It is clear that all the tracks of the turtles followed the 
mean position of the Agulhas Current (Gründlingh 1983), which is depicted in Fig. 
3.1.5 as a narrow ribbon of warm water with temperatures over 24º C (Pearce 1977). 
The contrasts in sea surface temperatures of the region are strong and it has been shown 
before that these temperatures accurately represent the location of surface currents (e.g. 
Lutjeharms 1981). The average speed for the 7 turtles was 79.0 km/d (± 13.8 km/d 
SEM), which is far in excess of those recorded in leatherbacks tracked in any other 
ocean region to date either during internesting (28.8-53.6 km/d; Keinath & Musick 
1993; Eckert 2002) or during postnesting (34-71.2 km/d; Duron-Dufrenne 1987; 
Lutcavage et al. 2002; Ferraroli et al. 2004). This clearly indicates that these turtles 
were being substantially helped in their movements by the rapid flow of the Agulhas 
Current.  
Surface Lagrangian drifters in the same region moved at a comparable mean 
speed (76.3 ± 7.8 SEM km/d; n=14). Inter-annual variations were recorded in the turtle 
speeds during this leg, which paralleled similar variations in drifters (Fig. 3.1.5 insert). 
Apart from the general downstream tendency, the turtle motion in the Agulhas Current 
also included some other indicative patterns. About half-way during their south-
westward leg, three turtles made a temporary excursion seaward at about 32 ºS (Sara, 
Nemi and Sandra tracks in Fig. 3.1.3). This excursion lies more or less at the location of 
intermittent offshore loss of water from the Agulhas Current towards the central South-
west Indian Ocean (Lutjeharms & van Ballegooyen 1988; Lutjeharms et al. 1992). 
Indeed, SST images (Fig. 3.1.5) clearly show that such a loss occurred in February 1999 
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(when turtles Sandra and Nemi made the excursion), while no direct evidence is 
available for the other case in 2003. 
The similarity between the movement of Lagrangian drifters and turtles over large 
oceanic areas is best exemplified by the case shown in Fig. 3.1.6. The movement of 
turtle Lara and of a drifter in this comparison both occurred in 1996, but about 4 months 
apart, and provides important indications on how closely turtles are tied to the water 
movement in the region south of the continent. A major consistency observed was the 
turtle’s and the drifter’s tendency to follow the water through the turbulent Agulhas 
retroflection and to emerge in the Agulhas Return Current. When approaching the 
retroflection region, both the turtle and the drifter underwent extensive anti-cyclonic 
motion at about 22º E, turtle Lara once, the drifter twice. This can therefore be assumed 
with some confidence to have been the general location of the Agulhas retroflection at 
the time. Both then escaped from the retroflection carrying out gyrations in Agulhas 
rings to the west of the retroflection. Subsequently they were both carried away in the 
Agulhas Return Current, albeit during rather different periods (April vs. October 1996). 
While moving in the Agulhas Current mainstream, turtles always frequented areas 
with low chlorophyll density (<0.2 mg/m3). The prolonged gyrations made by turtles 
Nemi and Sandra in 1999 occurred in areas where densities of at least 0.3 mg/m3 were 
recorded. This location coincides with a semi-permanent, northward bulge in the 
Subtropical Convergence (Weeks & Shillington 1996) exhibiting enhanced 
concentrations of phytoplankton and of animals on higher trophic levels (Lutjeharms et 
al. 1986; Barange et al. 1998). It is worth noting that no enhanced biological activities 
were observed in the area at about 34° S, 35° E where turtle Nemi circled for three 
months in June-August 1999.  
   
In the Benguela Current. The tracks of the two turtles (Sandra and Sara) which 
made an inter-oceanic shift to the Atlantic Ocean, are shown in Fig. 3.1.7a. In this case 
also, a broadly similar movement pattern was shown by the two turtles tracked in 
different years. Both turtles clearly were in the core of the Agulhas Current during the 
last part of their journey in the Indian Ocean, moving at rates of 62.3 and 119.6 km/d, 
respectively, between the longitudes of Port Elizabeth and Cape Town, where they then 
moved out of the main current. The SST images for this region suggest that they left the 
current from the western edge of the Agulhas retroflection, and SSHA images show that 
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the region directly west of there was filled with a collection of eddies at the time (Fig. 
3.1.7b for turtle Sara’s case).  
The question therefore arises why and how these two turtles left the Agulhas 
Current without having been retained in the retroflection loop. It has been amply 
demonstrated how surface filaments of warm Agulhas water can in fact become 
detached from the landward side of the main current in this region (e.g. Lutjeharms & 
Cooper 1996) and afterwards be advected by Agulhas rings into the South-east Atlantic 
Ocean. The warm water coming off the landward edge of the Agulhas Current at the 
time (Fig. 3.1.7b) indicates that this also was the mechanism by which the water masses 
where these turtles found themselves were drawn out of the main current. Further clues 
to determine the geographic location of such currents can be obtained through SSHA 
images, which have been shown to be good representations here of the currents (van 
Ballegooyen et al. 1994). Indeed, SSHA images contemporaneous to the turtles’ routes 
show a number of rings having been formed in the region and moving north-westward. 
The influence of such features on turtle movements is shown comprehensively by the 
track of turtle Sara (Fig. 3.1.8a), that followed the contours of SSHA fairly well. On 
escaping from the Agulhas retroflection she carried out one orbit in an anti-cyclonic 
ring (red in figure), then she was drawn in turn past the borders of other rings (first an 
anti-cyclonic one and then a cyclonic one) without being taken up by any of these 
eddies on her subsequent movement equatorward.  
Her track was nevertheless quite consistent with the motion of all these mesoscale 
features. First, the turtle followed the motion imposed by a cyclonic feature (blue in Fig. 
3.1.8a), then she became caught by an anti-cyclonic eddy which makes her looping 
anticlockwise (around 13 Mar.; Fig. 3.1.8a). A second anti-cyclonic eddy subsequently 
led Sara to culminate in its farthest eastward divergence from a straight meridional track 
(16 March), before leading her to the westernmost excursion on 21 March.  
All these SSHA correspond closely to the SST of the time. The cyclonic feature 
can for instance be seen in Fig. 3.1.8b to be a plume of cold water (18º to 21º C) 
extending from the Subtropical Convergence. Such filaments of subantarctic water have 
been shown to be inherent parts of the retroflection region (Lutjeharms & Fillis 2003). 
The clockwise rotation of waters in this anomaly somewhat conflicted with the turtle’s 
previous westward movement, and made her turn north-eastward (Fig. 3.1.8a, after 13 
Mar.). Subsequently she again skirted the edges of other eddies and her whole track 
conformed well with the deduced motion of all of these. 
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Sandra and Sara then moved equatorward, parallel to the coast (Fig. 3.1.7a) and 
outside the main corridor of intense Agulhas rings, which is northwest-oriented 
(Schouten et al. 2000). This movement was at low speeds of 27.8 (Sandra) and 61.0 
(Sara) km/d. These speeds are comparable to those established from ships’ drift 
measurements (Wedepohl et al. 2000), Sara’s lying in the upper range observed. This 
suggests that the turtles were not swimming very actively. For the major part of their 
journey in the Atlantic they stayed outside the intense part of the coastal upwelling (Fig. 
3.1.7a). Only at a latitude of 26°S did they move towards the upwelling system, where 
large concentrations of gelatinous macroplankton occur (Brierley et al. 2001). There is 
no clear indication from any environmental data that this specific behaviour was 
induced by any ocean currents. At this time the transmitter on turtle Sandra stopped 
working, while turtle Sara turned south (Fig. 3.1.7a, see below).  
 
In strong mesoscale eddies. As mentioned above, a few turtles remained at low 
latitudes, sometimes even reaching waters north of the nesting site (Fig. 3.1.3). They 
generally carried out complex looping movements, which, in other parts of the South-
west Indian Ocean have been demonstrated to be decisively influenced by strong eddies 
(Luschi et al. 2003b). We therefore compare these tracks with contemporaneous SSHA 
images to assess the influence of existing ocean circulation on turtle movement.  
Turtle Alice moved directly away from the coast (Fig. 3.1.9) in a fashion similar 
to other turtles (Luschi et al. 2003b). While these former turtles were then promptly 
carried off poleward in the Agulhas Current, in the case of turtle Alice this did not 
happen. Instead, the turtle continued moving eastward with no evidence whatsoever that 
it had crossed into or across the Agulhas Current. Considering the known speed of the 
current, this is an unequivocal proof that the current was not present there at the time. 
As previously mentioned, the exact source location of the Agulhas Current is not known 
(Flemming & Hay 1988). The positive SSHA present at the coast (red in Fig. 3.1.9a), 
may well support such an inference by indicating not the presence of an anti-cyclonic 
eddy, but the temporary absence of the Agulhas Current itself. Indeed, analysis of the 
appropriate SSHA images showed that no such anomalies were present in this area 
when the other turtles that soon moved south-westward, left inshore waters.  
Offshore, turtle Alice found a number of both positive and negative SSHA. The 
probability that these specific anomalies were in fact cyclonic and anti-cyclonic eddies 
is supported by the evidence of their characteristic motion poleward (Fig. 3.1.9) and by 
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the results of independent investigations (Schouten et al. 2003). During the passage of 
the first anti-cyclone (red; Fig. 3.1.9a, b) the turtle carried out a half orbit around this 
eddy (21-28 Feb.). With the advent of a persisting cyclonic anomaly (blue; Fig. 3.1.9b, 
c) Alice moved in a clockwise manner encircling this eddy once (1 Mar.- 14 Apr.), as 
can be still appreciated in the route despite that the discontinuous duty cycle of the 
transmitter prevented a detailed route reconstruction. The turtle then made another 
shorter loop (not clearly depicted because of the gaps in the locations) which led her to 
encounter a strong anti-cyclonic eddy arriving from the north-east (Fig. 3.1.9d). Her 
successive movements too, were totally in accordance with the anti-clockwise water 
motion associated with this large feature. Her final move towards the coast conversely 
occurred in a region with no major eddies. 
In essence, the behaviour of turtle Resi (Fig. 3.1.10) is consistent with that of 
turtle Alice, although the two turtles were tracked in successive years. Resi also moved 
directly away from the coast at right angle, but her movement was then diverted 
southward, eastward and then northward (i.e. in an anti-clockwise sense) by a passing 
anti-cyclone (red in Fig. 3.1.10a; please note that data were received only once every 6 
days). Her successive sinuous northward path, too, derived from her encounter with 
poleward-moving anomalies, as is best illustrated by her loop around a strong positive 
anomaly farther north (Fig. 3.1.10b).  
These sets of tracks suggest that if leatherback turtles do not get directly into the 
Agulhas Current on leaving the Maputaland beaches, they will be carried around by 
whatever strong eddies move into the region and as such will display looping or 
winding routes at low latitudes. In this connection, the final part of turtle Resi’s route is 
particularly enlightening: after completing the loop described above, she returned to the 
region offshore the nesting beach, at a time when no significant anomaly was present, 
and then started to move south-westward (Fig. 3.1.3) – a clear indication that at this 
time she had been captured by the Agulhas Current mainstream.  
 
In weak mesoscale eddies. Not surprisingly, encounters with weaker currents in 
less intense anomalies had a less marked influence on the turtles’ behaviour. This is 
well exemplified by the final movements of turtle Sara (Fig. 3.1.11) in the region 
offshore Namibia where anomalies are less intense than similar mesoscale features in 
the Agulhas current system. The poor relationship of the northward track of turtle Sara 
with SSHA, suggests that her trajectory was only minimally influenced by weak 
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anomalies since she was clearly able to move through them without being appreciably 
carried off by the weak currents associated with those anomalies (Fig. 3.1.11a). More 
marked influences can be noted in her successive southward leg when she encountered a 
somewhat stronger eddy (Fig. 3.1.11b). 
 
 
DISCUSSION 
 
The present results confirm and considerably extend previous findings (Luschi et 
al. 2003b) on the strong influence exerted by oceanic currents on the movements of 
pelagic-dwelling leatherback turtles in the South-west Indian Ocean. By matching 
satellite tracking data and oceanographic information, we have documented that turtle 
encounters with specific oceanic features can determine large parts of turtle routes 
(Table 3.1.1) and produce movement patterns as diverse as straight legs or convoluted 
looping segments. In the first case, turtles were transported quickly to distant regions, 
while in the other situation, they remained for weeks or months within the same area. 
The present analysis based on data of 9 turtles tracked over different years strongly 
supports our previous conclusions on the small active contribution of South African 
leatherbacks to their horizontal movements, with most of the turtles’ activity 
concentrated on diving to feed on their preferred planktonic prey.  
Under this scenario, the geographical displacements observed would essentially 
be a consequence of the fact that the most suitable feeding areas for this species are 
linked to major current systems. As such, they are spatio-temporally variable, either 
over short periods (i.e. months) or in the long term (i.e. different years). The turtle 
association with these movable oceanic features would therefore account for the wide 
extension of leatherback movements, as well as for their variability, with differences 
occurring in separate parts of the same turtle route, in routes of turtles tracked in the 
same period, and in routes followed in subsequent years.  
It may be surprising that postnesting South African leatherbacks do not aim at 
reaching specific profitable (and predictable) foraging areas (as it seems to occur in 
other leatherback populations; Ferraroli et al. 2004; Hays et al. 2004a, 2004b; James et 
al. 2005), but rather moved over extensive oceanic areas. It may be assumed that the 
movements of postnesting leatherback derive from a balance between the need to locate 
suitable feeding areas and the energetic effort requested to reach them. In the case of 
South African turtles a prime feeding ground would be the Subtropical Convergence 
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lying south of the continent, and getting into that would even be energetically 
favourable by riding the Agulhas Current and its retroflection. However, this has not 
been the strategy most commonly chosen by the tracked turtles, of which only Lara 
joined the Convergence. One possible reason may be that high values of primary 
productivity within the Subtropical Convergence are extremely patchy in time and space 
(Llido et al. 2005), and so their exploitation may not be particularly advantageous. At 
least no more advantageous than to frequent lower-latitude areas, where food is less 
concentrated but foraging is possibly equally efficient. No detailed information on the 
short-scale distribution of the gelatinous zooplankton is available (James et al. 2005), 
and such subtle information can hardly be derived from ocean colour remote-sensing 
data.  
In any case, the turtles of the present study usually moved south-westward upon 
leaving the nesting area, with a rapid transfer carried along (and with the help of) the 
Agulhas Current mainstream. It is worth noting however that there have also been cases 
when this south-westward leg was made later on (turtle Resi), or was absent for months 
(Alice and Ronel). It is currently hard to judge whether turtles deliberately choose to 
join the current to be transported in the possibly more profitable regions south of the 
continent, or whether they were ‘captured’ by the current and drifted. The behaviour of 
turtle Alice and Ronel anyway indicates that turtles do not have an inherent or urgent 
need to move poleward. 
The vast postnesting dispersion observed in this study resembles those known for 
postnesting leatherbacks of other populations, which have been recorded on a 
comparable number of individuals (Morreale et al. 1996, n=8; Eckert & Sarti 1997, n=7; 
Ferraroli et al. 2004, n=12; Hays et al. 2004a, 2004b, n=9). In all these cases, the 
presence of long segments similar between different turtles (especially soon after 
leaving the nesting areas) coexists with a variability in the final destinations of the 
single turtles and with inter-annual variations in the routes followed. Such a pattern is 
also evident in the movements tracked in other stages of the leatherback life-cycle 
(James et al. 2005). Investigation of the influence of sea currents on these movements 
have been limited to parts covered along oceanic fronts (Ferraroli et al. 2004), and the 
actual contribution of oceanographic features to the tracked movements is therefore not 
yet known. However, these journeys mostly occurred in areas where currents are weaker 
than those in the Agulhas System, and it appears probable that active movements 
account for many parts of the routes in these cases, with turtles also swimming across or 
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against major currents, possibly aiming at reaching profitable feeding grounds (Eckert 
& Sarti 1997; Ferraroli et al. 2004; Hays et al. 2004b). A similar occurrence of legs 
covered independently or against currents and of segments influenced by oceanographic 
features has been shown in pelagic-stage loggerhead turtles (Caretta caretta) (Polovina 
et al. 2004). 
The present findings have several implications on the general biology of 
leatherback turtles. First, the wide-ranging movements, and, especially, the inter-
oceanic shifts observed, may play a major role in determining the shallow genetic 
differences between leatherbacks nesting in the Indian and Western Atlantic Ocean 
(Dutton et al. 1999). However, since these differences are related to maternal (mtDNA) 
lineages, other processes such as nest site fidelity and natal beach homing, are probably 
involved in reducing the observed genetic variability. Additionally, the fact that South 
African leatherbacks do not necessarily engage in long migrations towards profitable 
foraging areas may result in a reduction of their remigration interval between nesting 
seasons. Remigration intervals of South African nesting populations (typically 2-3 
years; Hughes 1996) are however similar to those recorded in Atlantic populations 
(Boulon et al. 1996; Girondot et al. 2002; Solow et al. 2002), although somewhat 
shorter than those of Pacific leatherbacks (Reina et al. 2002; Spotila et al. 2000). 
Further, the hypothesised prolonged dependence of leatherback postnesting 
movements on the pattern of sea currents raises the issue regarding the navigational 
abilities of these turtles. South African leatherbacks are known to return to the same 
area in successive nesting seasons (Hughes 1996), and such long-term fidelity requires 
reliance on remarkable navigational abilities if leatherbacks spend the two- or three-year 
intervals between successive remigrations being largely drifted by current-related 
features over vast oceanic areas. In the case of South African leatherbacks, a possible 
help to them in relocating the nesting area might come from the existence of large 
oceanic gyres recirculating most of the water in the South Indian Ocean (Stramma & 
Lutjeharms 1997). The same current circulation that leads the turtles away from the 
nesting area could therefore carry them back to it (or close to it) over some years. Such 
a system, however, appears to provide an imprecise way of relocating the nesting beach, 
as shown by those turtles which have been drifted to the Atlantic Ocean and thus out of 
the Indian Ocean gyre. This scenario might be consistent with the known irregularity in 
intervals between nesting seasons exhibited by South African leatherbacks, but could 
hardly explain their fidelity to the nesting beach and the absence of leatherbacks tagged 
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in Tongaland ever been found nesting anywhere else in the world (Hughes 1996). The 
most immediate way by which animals passively drifted for long periods can navigate 
back to a specific site, is to possess a large-scale position-fixing mechanism (Bingman 
& Cheng 2005). Reliance on such sophisticated map-like mechanisms have often been 
proposed for sea turtles as well as for other marine navigators (Bingman & Cheng 
2005), and experimental evidence indicating reliance on navigational maps have been 
recently collected in arena experiments (Lohmann et al. 2004). A reliance on such large-
scale maps would help drifted turtles in the process of relocating the nesting beach, if 
only in getting estimations of how far from their target they have come during their stay 
in a movable medium.  
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Fig. 3.1.1 Schematic map of the general circulation of surface currents in the South-
eastern Atlantic and South-western Indian oceans. After Richardson et al. 2003. 
 
 
 
 
Fig. 3.1.2 Map of mesoscale current-related features around South Africa. The Cape 
Basin is populated by numerous huge anti-cyclonic (rotating counter-clockwise) and 
cyclonic (rotating clockwise) eddies of Agulhas water. Agulhas Rings tend to translate 
north-westward in the Atlantic at around 5-15 km/day. After Richardson et al. 2003.  
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Fig. 3.1.5 South-westward oriented segments of the routes of 7 turtles tracked between 
1996 and 2003 superimposed on a SST image recorded on 20 April 1999. The position 
of the mainstream of the Agulhas Current is depicted as a ribbon of warm water along 
the east coast of South Africa, which retroflects eastward south of the continent. Insert: 
mean (± SEM) speed for turtles and drifters tracked along the Agulhas mainstream in 
different years. Numbers above columns indicate sample sizes. Other explanations as in 
Fig. 3.1.3. 
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Fig. 3.1.6 Tracks of turtle Lara (thick line) and of a surface drifter (no. 9421931) 
moving in the South-west Indian Ocean in 1996. NS: nesting site. 
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Fig. 3.1.7 (a) Final part of the routes of turtles Sandra (red) and Sara (black) as they 
entered the southern Atlantic Ocean. The image below is a SeaWiFS ocean colour  map 
on summer 2003, showing surface chlorophyll-a concentration. (b) Route of turtle Sara 
superimposed on SST image recorded on 15 July 2003. Arrows indicate the turtles’ 
general sense of movement.  
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Fig. 3.1.8 Details of the route of turtle Sara during her inter-oceanic shift in March 2003 
(dates shown) superimposed on (a) SSHA image recorded on 18 March 2003 and (b) 
contemporaneous SST image. The sense of rotation of the eddies present in the area as 
revealed by SSHA, is indicated by dashed arrows: yellow arrows indicate counter-
clockwise water movements associated to anti-cyclonic eddies (positive anomalies; red 
in figs.); turquoise arrows indicate clockwise water movements associated to cyclonic 
eddies (negative anomalies; blue in figs.). Black arrows  indicate the turtle’s sense of 
movement.  
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Fig. 3.1.10 Initial movements of turtle Resi in year 2000 (dates shown) superimposed 
on SSHA maps averaged for two successive periods: (a) 1-11 Feb. and (b) 2-12 Mar. 
2003. Other explanations as in Figs. 3.1.7 and 3.1.8. 
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Fig. 3.1.11 Final movements offshore Namibia of turtle Sara in 2003 (dates shown), 
superimposed on SSHA maps averaged for two successive periods: (a) 4 Apr. and (b) 
26 May 2003. Other explanations as in Figs. 3.1.7 and 3.1.8, apart from the colour of 
the arrows indicating the sense of rotation of eddies, which is white for cyclonic eddies, 
and red for anti-cyclonic eddies. 
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3.2 
Attempts of quantification of the influence of ocean currents 
on movements of leatherback sea turtles 
 
 
Running title: Quantification of current influence on leatherback tracks 
 
 
 
ABSTRACT. The movement of an animal freely swimming in a movable 
medium derives from the interaction between the propulsive action of the animal itself 
and the drifting action of the medium. In order to obtain a better interpretation of the 
routes followed by tracked leatherback turtles (Dermochelys coriacea), we tried to 
quantify the relative contribution given by the active swimming and by the ocean 
currents in determining the animal movements reconstructed through satellite telemetry. 
Two different experimental approaches were used. The first one was aimed at 
directly measuring the active swimming velocity and direction of three turtles nesting in 
the Amana Natural Reserve (French Guyana) and equipped with new prototype satellite 
transmitters able to collect information on the water-related speed and on the body axis 
orientation of the turtle. Unfortunately, because of failures in the salt-water switch 
circuit, we were not able to get information on the turtle spatial behaviour. Nevertheless 
the experiment turned out to be useful to collect essential indications on the technical 
improvements to be made.         
The second approach took advantage of the recent development of reliable 
remote-sensing techniques to estimate the geostrophic current velocity. The elaboration 
of a current contribution index allowed us to investigate the variation of the influence 
exerted by the water flow on the postnesting routes of two South African leatherback 
turtles. The initial findings indicate an unexpected (on the ground of the previous 
studies) prevailing role of the active swimming in determining the turtle movement, 
which however might have been overrated because of a possible underestimation of the 
current velocity.  
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INTRODUCTION 
 
The methods employed so far for the analysis of the turtles’ routes in relation to 
the oceanographic parameters obtained through satellite-derived techniques have 
essentially a pure qualitative nature, mainly consisting in superimposing the tracks 
followed by the animals on false-colour remote-sensing images and thus evaluating the 
mutual relationship between the two data-sets. Nevertheless, such kind of investigations 
have been validated by numerous studies carried out all over the world and allowed 
researchers to obtain reliable and important indications about the influence of the 
oceanic currents on the sea turtles’ spatial behaviour (e.g. Luschi et al. 2003a, 2003b; 
Polovina et al. 2000, 2004). 
A further step in the analysis consists in quantitatively evaluating the component 
of the reconstructed turtle movement which is determined by the current action. In fact, 
the movement of an animal freely swimming in a movable medium derives from the 
interaction between the propulsive action of the animal itself and the drifting action of 
the medium (Alerstam 1979; Green & Alerstam 2002). Therefore, for marine animals 
tracking vectors reconstructed by location data sent by the satellite transmitters can be 
considered as resulting from a vector addition of these two components: active 
swimming component and current drift component (Fig. 3.2.1). In other words, track 
lines are linear combinations of the turtle’s own motion and of the motion of the fluid 
within which the animal is swimming. The satellite reconstruction of the route is simply 
a time series of consecutive turtle’s locations at the sea surface. The ground speed of the 
animal can be estimated by computing the beeline distances between two consecutive 
locations and dividing them by the time elapsed. Such a speed, which is called ground 
speed or tracking velocity (Vt) is actually the vector sum of the animal’s swimming 
velocity (Vs) and of the velocity of the water flow the animal is moving in (current 
velocity, Vc) (Fig. 3.2.1).  
Since both Vs and Vc vectors can be calculated as a difference with respect to the 
tracking velocity, we tried to use two different experimental approaches to evaluate the 
influence of the actual current’s impact on the turtle’s movements. First, reliable data on 
the current flow present in correspondence to the locations recorded during the tracking 
can be collected through satellite oceanography methods developed in recent years (Rio 
& Hernandez 2003, 2004); such data have been still employed in a few recent studies on 
the turtle spatial behaviour (Gaspar et al. 2006; Girard et al. 2006). Second, measures of 
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the speed and of the direction of the turtle active movement can be taken directly from 
moving turtles by using satellite transmitters which have been specifically projected by 
our research group.   
Leatherbacks represent the most suitable specimens to investigate the role played 
by the current in determining the movement pattern of the sea turtles. In fact, such an 
open-sea dweller species mainly feeds on gelatinous planktonic prey passively 
transported by the oceanic water flows and its movements have been shown to be 
strongly conditioned by the surface oceanic currents through the above-mentioned 
qualitative analysis methods (Luschi et al. 2003b; Chapter 3.1). The present study aims 
at providing quantitative support to the investigation of such a contribution of the 
current component in shaping the leatherback movement pattern.  
 
 
MATERIALS AND METHODS 
 
Evaluation of the active swimming component in French Guyana turtles’ routes 
 
Three female leatherback turtles (Paola, Kawana and Marie) nesting on the 
Awala-Yalimapo beach (Reserve Naturelle de l’Amana, northern French Guyana, see 
Fig. 3.2.2) were equipped with a modified Argos-linked satellite transmitter whose 
development project was directed by our research group and funded by the Italian Space 
Agency (ASI). This prototype transmitter, named MALST (Marine Animals Logger & 
Satellite Transmitter), was designed to achieve an almost continuous recording of the 
tracked animal’s movement by collecting precise data on the swimming speed and on 
the magnetic direction of the longitudinal body axis maintained by the animal even 
between one localisation and another. Such an information was collected through a 
speedometer and a magnetic compass respectively. Afterwards, the data were elaborated 
and condensed by a specially programmed microprocessor and finally included in the 
messages transmitted during each uplink to the satellites. The transmitter weighted 
about 2.5 kg and was fastened to a plastic plate applied on the turtle carapace by an 
adjustable harness built on purpose (Fig. 3.2.3). 
The deployment was carried out during the month of May 2005 (Paola on 23rd, 
Marie on 24th and Kawana on 26th) in collaboration with researchers of the Centre 
d’Ecologie et Physiologie Energétique (Centre National de la Recherche Scientifique) 
of Strasbourg (France) which had been studying for years the turtle population of the 
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French Guyana, that hosts the most important nesting colony of leatherbacks in the 
world. Turtles chosen were at the beginning of the nesting season, and were thus 
expected to return to the nesting beach to complete their egg-laying cycle. We therefore 
aimed at tracking them during internesting movements. Two main aspects drove us to 
employ the new transmitters to follow the internesting movements of the French 
Guyana turtles: the possibility of recovering the prototype transmitters (so attached to 
the turtles to investigate possible malfunctions recorded during the tracking 
experiment), and the fact that the females nesting in this area, during the internesting 
period usually cover quite long distances (a few hundreds of kilometres) and move 
along rather straight path away from the coast (Fossette et al. in press; Georges et al. in 
press), far enough to reach pelagic regions where intense ocean currents flow which 
they have to deal with.  
 
Evaluation of the current component in South Africa turtles’ routes 
 
Turtles’ tracks. The routes of two South African leatherback turtles (Dermochelys 
coriacea) were used for the present analysis. We are referring to the turtles Imola and 
Sara, which belonged to the group of animals object of study in Chapter 3.1 of the 
present thesis. These turtles were followed through satellite telemetry (see Chapter 3.1 
for further details) in the South-west Indian Ocean during their long postnesting 
migrations in 2002 and 2003 respectively and their location data were standardised as a 
fix every 24 hours by linear time interpolation (Fig. 3.2.4). In this work the Imola’s 
route was considered in its entirety, including the final segment which was discarded for 
the study treated in Chapter 3.1 because of the anomalous dive data recorded (Fig. 
3.2.4). Actually, the continuous emergence state reported by the transmitter in 
correspondence of this segment could be due either to the malfunctioning of the 
transmitter’s salt-water switches (and/or processor) or to the death of the turtle and to 
the subsequent permanence at surface of her corpse. In the latter case we would expect 
that the corpse had been transported quite passively by the current and so that the 
influence of the current velocity in determining the reconstructed route should have 
reached its maximum value during this part of the tracking.  
 
Oceanic currents data. Absolute geostrophic velocities in shape of couples of 
numerical data corresponding to the zonal (est-west) and meridional (north-south) 
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vector components were derived from dynamic topography measurements (see Chapter 
2 for details). SSALTO/DUACS, the CNES (French Space Agency) altimeter data 
processing system, processes, validates and archives altimetry data from all satellite 
altimeter missions: Jason-1, T/P, ENVISAT, GFO, ERS1/2 and even GEOSAT. Data on 
the absolute geostrophic velocity vector fields present in the area of interest from 2001 
onwards are available weekly and freely downloaded from the AVISO/Altimetry center 
for multi-satellite altimeter missions (http://las.aviso.oceanobs.com/las/servlets/). 
 
Vectorial analysis of the current’s impact. Absolute geostrophic velocity data 
provided by the AVISO database were interpolated for the position of every 
standardised turtles’ location. Such interpolated current velocity data were then 
vectorially subtracted from the tracking velocity in order to obtain the velocity of the 
turtle active swimming. At this point we had vectorial terns associated to every fix of 
the turtles’ route (167 for turtle Sara and 58 for turtle Imola).   
The subsequent step of analysis consisted in evaluating the mutual relationship 
between the active swimming and the current drifting components and in estimating the 
contribution of the water flow to the actual ground speed of movement. In fact, the 
strength of current can vary and so can do the angular relationship between the current 
and the turtle swimming direction. Depending on such factors as well as on the animal 
swimming speed, the relative importance of those two components of the observed 
movement can be highly variable and affect most of the results on animal’s behaviour 
inferred from track analyses. In order to quantify such a relative importance for every 
turtle location recorded, we elaborated an “index of the current contribution” (icc): 
 
 
 
where α is the angle between the tracking and the current direction (in radians), and |Vs| 
and |Vc| are the modula of the active swimming and current velocity vectors, 
respectively. The main role of such an index is to calculate the ratio between the 
projections of the active swimming and the current speed vectors on the tracking 
direction. This way, it can take into account the relationship both between the vector 
intensities and the vector directions. The higher the value thus provided, the larger is the 
current contribution to the route followed by the turtle.     
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RESULTS 
 
Evaluation of the active swimming component in French Guyana turtles’ routes 
 
Unfortunately the prototype transmitters provided only a very few uplinks, thus 
preventing us both from localising the turtles during the tracking period and from 
recording enough swimming speed and direction data to perform the planned vectorial 
analysis of the current influence on the turtle movement.  
During a 14-day tracking period, we received 10 uplinks from the Paola’s 
transmitter, most of them recorded the day before the turtle returned on the beach to nest 
again. Only 2 locations were obtained: one soon after the release and another while the 
turtle was approaching the nesting beach at the end of the internesting interval. The 
transmitter, which was still working, was recovered on 27 of May when the turtle was 
observed re-nesting. The transmitter of turtle Marie was contacted 11 times by the 
Argos satellites during its 2-day working period and it was localised only once, just 
before the turtle entered the sea; moreover it was no longer found. Finally, we did not 
get any data from turtle Kawana, which however was witnessed returning on the nesting 
beach allowing us to recover the transmitter (apparently switched off) she had been 
carried for 10 days.  
 
Evaluation of the current component in South Africa turtles’ routes 
 
In both routes, the mean active swimming velocity (Vs) of the turtle turned out to 
be higher than the mean current velocity (Vc). In turtle Sara’s case, mean Vs was 0.40 
ms-1 (± 0.02 SEM, n=167) and mean Vc was 0.24 ms-1 (± 0.01 SEM, n=167) with a 
statistically significant difference (Wilcoxon Test, Z=-8.31; p=0.001). For turtle Imola, 
mean Vs was 0.59 ms-1 (± 0.05 SEM, n=58) and mean Vc was 0.58 ms-1 (± 0.04 SEM, 
n=58) with no statistically significant difference observed (Wilcoxon Test, Z=-0.52; 
p=0.601). Such differences increase if only the part of the routes covered within the 
intense Agulhas current mainstream is considered: Vs=1.03 ms-1 (± 0.10 SEM, n=12) 
versus Vc=0.44 ms-1 (± 0.09 SEM, n=12) (Wilcoxon Test, Z=-3.059; p=0.002) for turtle 
Sara and Vs=0.90 ms-1 (± 0.08 SEM, n=37) versus Vc=0.47 ms-1 (± 0.06 SEM, n=37) for 
turtle Imola (Wilcoxon Test, Z=-3.870; p=0.001).  
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The current contribution index (icc) varied largely over the course of the tracking 
period. To show this variation we plotted the index values with respect to the longitude 
of the fixes along the track (Fig. 3.2.5a).  
In the case of turtle Sara, the icc showed a marked decrease in correspondence of 
the bulge in the route which was covered one week after the release, between 31 and 
32.5°E, therefore considerably out of the Agulhas current mainstream (Fig. 3.2.5a). This 
indicates that the turtle active swimming was predominant in this period. The index 
values kept rather constant ranging between 0 and 1 along the whole route segment 
within the Agulhas current mainstream, with the unique exception of a sudden decrease 
when the turtle was in the region south-west of Port Elizabeth. Beginning from the loop 
performed south-west of the Cape of Good Hope and after the shift into the South 
Atlantic Ocean, the range of variation of the current contribution index considerably 
enlarged including the lowest values calculated during the tracking (min icc=-4.68). 
Indeed, the index value averaged on this part of the route turned out to be lower than in 
the Indian Ocean (icc=-0.12 ± 0.10 SEM, n=130 and icc=-0.01 ± 0.14 SEM, n=37 
respectively) indicating a lower influence of the current on the turtle track. About the 
77% of the examined locations had a icc between -0.5 and 1.5; the 72% of the index 
values are positive and the 49% concentrate in the 0.0 - 0.5 class (Fig. 3.2.5b). 
For turtle Imola, the icc kept constantly between 0 and 1 along the first part of the 
route within the Agulhas Current mainstream (Fig. 3.2.6a), but its variability increased 
after the location from which the transmitter started providing unusual diving data (at 
about 24° longitude, red dot in figure). The minimum value (icc=-6.88) was reached in 
correspondence of the northernmost location of the loop performed by the turtle in front 
of Cape Town where thus the least influence of the current was recorded. In the 
subsequent part of the route turning east along the Agulhas Retroflection and the 
Agulhas Return Current (see “Physical settings” in Chapter 3.1), we recorded an 
increase in the contribution of the current flow to the turtle movement. Taking the fix 
from which irregularities in diving data were recorded as discrimination point, we 
obtained a mean icc of 0.46 (± 0.06 SEM, n=15) in the first part of the route and a mean 
icc of 0.96 (± 0.30 SEM, n=43) in the second one. Moreover, a mean icc of 1.34 (± 0.24 
SEM, n=32) was calculated by isolating the segment directed eastwards. Fig. 3.2.6b 
shows that the frequency distribution of the icc calculated for turtle Imola is shifted 
towards values higher than those observed for turtle Sara with 76% of the locations 
being associated to a icc between 0 and 2. The 91% of the index values are positive and 
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the 57% concentrate in the 0 - 1 classes. Therefore the Imola’s route turned out to be 
affected by the current contribution more than turtle Sara’s route.              
 
 
DISCUSSION 
 
The malfunction of our prototype transmitters deployed on French Guyana turtles 
prevented us to obtain vectorial data on the leatherback active swimming. Nevertheless 
this experiment allowed us to test the operating performances of these instruments in 
natural environment and to verify the possible reasons which they failed for by 
analysing the recovered transmitters. Actually, we obtained essential information on the 
technical failures causing the lack of communication between the transmitters and the 
satellite network. The main problem turned out to be due to a fault in the salt-water 
switch mechanism, whose task consists in preventing useless underwater transmissions: 
owing to inaccurate software coding as well as to imperfections in the electronic circuit, 
the salt-water switch did not allow the transmitter to emit the signal just after the turtle 
emerged and so the animal had already submerged before the message was sent to the 
satellite; moreover such a delay was possibly increasing during the tracking making it 
more and more difficult to get an uplink.  
The great opportunity of collecting directly (through direct measures) reliable data 
on the relationship between the current velocity and the active swimming velocity of the 
turtles, will reward the efforts done to improve the performances of these innovative 
satellite transmitters. 
 
Differently from what was expected on the ground of the previous studies (Luschi 
et al. 2003b; Chapter 3.1 of the present thesis), the results of our analysis of current 
contribution to the leatherback movements seemed to show that the tracked turtles were 
not transported by the surface current flow for large part of their postnesting journeys. 
Indeed, leatherbacks appeared not to let themselves to be drifted by the water flow, but 
actively swim, even where the current action was most intense (e.g. in the Agulhas 
current mainstream). This is shown by the fact that swimming velocities were 
significantly higher than the current velocities during most of the tracking. On the other 
hand, it is worth pointing out that the remotely-sensed data on the geostrophic currents 
present in the oceanic areas crossed by the turtles turned out to provide velocity values 
remarkably lower than those known in literature for the same areas. For instance, the 
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current velocity estimated from remote-sensing data within the Agulhas mainstream 
during the passage of the turtles was less than 0.60 ms-1, whilst Lutjeharms & Walters 
(1985) demonstrated that surface speeds in that region can exceed 2 ms-1. It is therefore 
reasonable to hypothesize that a considerable underestimation of the current action 
might have affected the calculation of the active swimming velocity. Such an 
underestimation could be due to the fact that the AVISO dataset did not provide 
information on the wind-driven (or Ekman) component of the surface currents 
prevailing in the study region (see Chapter 2), whose influence may be indeed 
remarkable in some case.     
Although the influence of the current on the turtle movement was probably higher 
than that considered in our calculation, the analysis of the current contribution index 
showed a variation which fits rather well with the health state of the turtles and with the 
oceanographic conditions they dealt with. In fact, the highest icc values were obtained 
for turtle Imola’s route which turned out to be affected by the action of the current more 
than the Sara’s route. This was particularly evident during the second part of the 
tracking (in the Agulhas Retroflection and Agulhas Return Current), when the unusual 
diving data recorded (prolonged and continuous emergence periods) indicated a possible 
deterioration in the health conditions of the turtle and possibly the persistence at surface 
of her corpse. In this case, therefore, the spatial behaviour of the turtle would have been 
similar to that of a surface drifter, which is passively drifted by the current. Within the 
Agulhas current mainstream the two turtles shared a similar pattern of current 
contribution whilst for turtle Sara the icc abruptly decreased as soon as she carried out 
the offshore excursion, indicating the predominant role of the active swimming 
component in this part of the route. We do not have hypotheses about the sudden 
decrease in the icc that occurred when Sara was at 24° longitude (i.e. her more active 
swimming during this period), along the eastern South Africa coast. The lowest 
influence of the current on the movement of this turtle was recorded after she entered 
the South Atlantic Ocean where, indeed, the rather weak Benguela current system was 
expected to play a negligible role in determining the shape of the circuitous movement 
reconstructed in front of the Namibian coast (see Chapter 3.1).   
 
By using the vectorial analysis of the turtle routes, meaningful information about 
the differential contribution of the current during the tracking were obtained. The 
integration of other sources of data aimed at getting a better estimation of the current 
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velocity is however to be hoped for. This would allow researchers to investigate 
whether the turtle activity is directed to reach specific target areas taking advantage of 
the current flow prevailing in the oceanic regions crossed during the postnesting 
journeys, or it is mainly focused on foraging in the vertical plane, letting the horizontal 
movements to be strongly shaped by the water flow, as hypothesized so far on the basis 
of more qualitative evaluations of current influences (Luschi et al. 2003b; Chapter 3.1).          
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Fig 3.2.1 The tracking velocity (Vt) vector at the fix n has a module equal to the ratio 
between the beeline distance separating such a fix from the subsequent one (fix n+1) 
and the time elapsed between them. Its direction coincides with that of the linear 
segment route connecting the two fixes. The tracking velocity is the vectorial sum of the 
oceanic current velocity (Vc) and of the turtle swimming velocity (Vs).  
 
 
 
Fig 3.2.2 Schematic map of the study area. Red dot indicates the release site on the 
nesting beach at Awala-Yalimapo (French Guyana). The bathymetry of the basin is 
represented in blue-gradation and marked through water depth contours (every 100 m). 
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Fig 3.2.3 Turtle Paola equipped with satellite transmitter (MALST) by a harness is 
about to leave the nesting beach at Awala-Yalimapo (French Guyana). 
 
 
 
Fig 3.2.4 Reconstructed track of turtles Imola and Sara around the South Africa. 
Location data were standardised as a fix every 24 hours by linear time interpolation. 
Red dot shows the point where the Imola’s route segment characterised by strange dive 
parameters begun. RS: release site. 
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(b) 
 
Fig 3.2.5 (a) Variation of the Current Contribution Index in relation to the longitude of 
the Sara’s locations standardised as a fix every 24 hours by linear time interpolation. 
The arrow indicates the chronological succession of the locations. (b) Frequency 
distribution of the icc.  
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(b) 
 
Fig 3.2.6 (a) Variation of the Current Contribution Index in relation to the longitude of 
the Imola’s locations standardised as a fix every 24 hours by linear time interpolation. 
The arrow indicates the chronological succession of the locations. (b) Frequency 
distribution of the icc.  
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3.3 
Long-term monitoring of leatherback turtle diving behaviour  
during oceanic movements 
 
 
Running title: Leatherback diving behaviour during oceanic movements 
 
 
 
ABSTRACT. The diving behaviour of four leatherback turtles (Dermochelys coriacea) 
was recorded for periods of 0.5-8.1 months during their postnesting movements in the 
Indian and Atlantic Oceans, when they covered 1569-18994 km. Dive data were 
obtained using satellite-linked transmitters which also provided information on the dive 
depths and profiles of the turtles. Turtles mainly dove to depths <200 m, with maximum 
dive durations under 30-40 min, and exhibited diel variations in their diving activity for 
most part of the routes, with dives being usually longer at night. Diurnal dives were in 
general quite short, but cases of very deep (>900 m) and prolonged (>70 min) dives 
were however recorded only during daytime. The three turtles that were tracked for the 
longest time showed a marked change in behaviour during the tracking, decreasing their 
dive durations and ceasing to dive deeply. Moreover, diel variations disappeared, with 
nocturnal dives becoming short and numerous. This change in turtle diving activity 
appeared to be related to water temperature, suggesting an influence of seasonal prey 
availability on their diving behaviour. The turtle diving activity was independent on the 
shape of their routes, with no changes between linear movements in the core of main 
currents or looping segments in presence of oceanic eddies. 
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INTRODUCTION 
 
The biology of the leatherback turtle (Dermochelys coriacea Vandelli) is poorly 
known mostly because of its life habits. Leatherbacks are cosmopolitan and spend most 
of their life in the open sea travelling long distances while searching for pelagic prey 
(Bleakney 1965; Pritchard 1976; Boulon et al. 1988; Hughes et al. 1998). In contrast to 
other sea turtles, this critically endangered species is not limited to tropical or 
subtropical waters, but is also found at high latitudes, probably thanks to its capacity to 
thermoregulate (Paladino et al. 1990). A central aspect of leatherback turtle behaviour is 
the diving activity, that is intimately linked to foraging on pelagic prey. So far 
leatherback diving behaviour has been mostly studied during the so-called internesting 
period, i.e. between successive egg-layings of the reproductive cycle. These studies, in 
which turtles were equipped with data loggers, showed that leatherback turtles dive 
continually with surface intervals of short duration and are able to reach considerable 
depths (Eckert et al. 1986, 1989; Keinath & Musick 1993; Southwood et al. 1999; 
Eckert 2002; Reina et al. 2005).  
Only recently, the use of satellite telemetry through the Argos system has made it 
possible to extend the study of leatherback diving behaviour to the postnesting journeys, 
when the diving activity most probably differs from that recorded during the 
internesting periods (Hays et al. 2004a). Since leatherback movements usually extend 
over a spatial scale of thousands of kilometres (Morreale et al. 1996; Hughes et al. 
1998; Eckert 1998; Ferraroli et al. 2004; Hays et al. 2004a, 2004b) and may be strongly 
influenced by oceanographic factors (Luschi et al. 2003), the turtle diving behaviour can 
display spatial and temporal variations, being influenced by environmental factors such 
as water temperature or local availability and vertical distribution of food resources. As 
a consequence, leatherback diving behaviour can be expected to show a high degree of 
variation (Hays et al. 2004a). In the present study, the diving behaviour of four South 
African leatherbacks was monitored for up to 242 days as they moved in oceanic waters 
ranging over widely dispersed areas.  
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MATERIALS AND METHODS 
 
Turtles T1 and T2. These turtles were encountered on the nesting beaches of the 
Maputaland Marine Reserve, Northern KwaZulu-Natal, South Africa, on 31 Jan. 1999, 
and were equipped with ST-6 platform transmitter terminals (PTTs; Telonics Inc., 
Mesa, AZ, USA) linked to the Argos system (see www.argosinc.com for details). The 
routes of these turtles, together with that of a further leatherback tracked in the same 
area in 1996, are described in another paper (turtles B and C in Luschi et al. 2003), 
where details about the PTT deployment and tracked routes can also be found. In short, 
turtles T1 and T2 generally followed the SW-directed course of the Agulhas Current, 
alternating straight segments and gyrations and reached the productive waters South and 
East of the continent, in one case even pushing as far as the southern Atlantic Ocean 
(Fig. 3.3.1, 3.3.2). Most parts of the turtle routes turned out to be determined by major 
oceanic features present in the areas crossed (Luschi et al. 2003).  
Deployed PTTs had a salt-water switch which suppressed their transmissions 
while the turtles were underwater, and allowed the on-board software to calculate the 
number and the duration of dives in successive predefined 4-h time intervals. 
Submergences lasting less than 10 sec were disregarded, so that transmitters recorded a 
dive as any time the salt-water switch was wet for more than 10 sec.  
A pressure sensor measured turtle depth every 30 sec and the single recordings 
were assigned to one of 8 depth intervals (bins): 0-10 m; 10-30 m; 30-70 m; 70-120 m; 
120-200 m; 200-300 m; 300-500 m; 500-1400 m. At every surfacing of the turtle, the 
PTT transmitted 12 values: internal PTT temperature recorded immediately after 
previous transmission, mean dive duration, longest dive duration, number of dives, and 
total number of records for each of the 8 depth-bins in a 4-h period. This method based 
on binned-data rather than on individual dive profiles is frequently used to compress 
large amount of information to be transmitted by the PTT (see also Godley et al. 2002; 
Polovina et al. 2003). 
Mean dive depth was calculated using the formula [Σ n (Bin X)* (bin-rangex/2)]/N, 
where n(Bin X) is the number of records for the xth depth bin, bin range is the amplitude 
(in meters) of the xth bin and N is the total number of depth records during the 4-h 
period. Therefore, mean dive depth is a measure of the depth at which a turtle spent 
most of its time during each 4-h period. An estimation of total dive time per 4-h period 
was obtained by multiplying the number of submergences by mean dive duration in the 
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same period, disregarding those cases in which data were erroneously processed or 
transmitted and led to a dive time percentage higher than 100%. Moreover, since depth 
was sampled every 30 sec and data were summed per 4-h periods (i.e. 14400 sec), the 
maximum number of depth records in the 8 bins was expected to be 14400/30 = 480, for 
every data set. Uplinks whose binned data had a value higher than 480 were therefore 
disregarded. These procedures led to discard 9.7 % of total data sets.  
 
Turtles T3 and T4. These turtles were approached while nesting on the 
Maputaland beach mentioned above on 13 Jan. 2002 (turtle T3) and on 29 Jan. 2003 
(turtle T4). They were equipped with Satellite Relay Data Loggers, manufactured by the 
Sea Mammal Research Unit of the University of St. Andrews, UK. These Argos-linked 
transmitters employ a pressure sensor to measure depth every 4 seconds (to an accuracy 
of 0.33 m). A bespoke on-board software then processes the recorded depth data before 
transmission to satellites. A dive was considered to occur every time the turtle dove 
below 2.0 m for at least 30 sec. Dives were distinguished between shallow and deep if 
the maximum depth reached was above or below 10 m, respectively. In the present 
analysis, only deep dives, which represent the vast majority of recorded dives, were 
considered. For each deep dive, the software examined the dive profile and determined 
the time and depth of the five most significant points of inflection during the dive. The 
time and depth of these five points along with the dive end-time and dive duration were 
then transmitted, allowing a reconstruction of individual dive profiles. For dives longer 
than 5 min, we also calculated the "bottom time percentage" as the percentage of time 
spent between the maximum depth for that dive and a threshold set equal to the 90% of 
this maximum depth. 
In addition, each transmitter repeatedly relayed summary information averaged 
over 6 h on mean dive duration and mean and maximum depth (see also Hays et al. 
2004a). The PTT used on turtle T4 also relayed temperature data recorded at various 
depths through a conductivity-temperature-depth sensor: for the present analysis only 
data collected between 5 and 7 m were used, which best portray surface temperatures 
and are best comparable with the temperature data obtained in the other turtles.  
 
Data analysis. For diurnal vs. nocturnal analysis, only data referring to periods 
which were completely nocturnal or diurnal were used. Day was considered to begin at 
the end of the morning nautical twilight and to end at the beginning of the evening 
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nautical twilight. With a sample size of 4 turtles, statistical comparisons between 
subsets of data obtained from the same turtle (e.g. in different part of year or day) were 
limited by the lack of independence between multiple observations. Therefore, the 
relation between time series of temperature and various diving parameters (see below) 
was tested through Bravais-Pearson test, adjusting for autocorrelation effects by 
decreasing the degrees of freedom of tested datasets. 
 
 
RESULTS 
 
Turtles T1 and T2 
 
Turtles T1 and T2 were tracked for 242 and 223 days, and diving data after the 
discard procedures were obtained for 805 and 634 4-h periods, respectively. Since turtle 
T2’s depth data were unavailable after 30 days of tracking (possibly due to a failure in 
depth sensor), only depth data for February (n = 120) were used; however, salt-water 
sensor-derived data on dive number and duration were successfully recorded all over the 
entire route.  
 
General diving activity. The number of submergences and percentage of time 
spent submerged by turtles T1 and T2 during their journeys are reported in Table 3.3.1. 
In general, the turtles displayed a similar diving pattern (Fig. 3.3.3). Mean dive duration 
was mostly shorter than 8 min, with 10-20 dives being usually made per hour. 
Maximum dive duration in the single 4-h intervals was under 40 min in the 96.5-97.2% 
of cases. The percentage of time spent submerged was generally over 75% and showed 
few changes (Table 3.3.1). In turtle T1, the time-at-depth frequency distribution in the 
entire route had most recordings in 0-10 m depth range, with progressively fewer 
records in the deeper bins (Fig. 3.3.1a). Turtle T2 (in February) displayed a somewhat 
bimodal pattern with many records also in the 120-200 m depth range (Fig. 3.3.2a).  
Only occasional records were obtained for depths below 200 m, but the two turtles 
were also found to make very deep dives below over 500 m. These very deep dives 
were recorded in 21 different 4-h periods, nearly all in the central hours of the day. In 
these periods, longest dive duration exceeded 30 min, with a maximum duration of 59.7 
min. In six instances the turtles made dives longer than 70 min, with turtle T1 diving 
once for 82.3 min, to our knowledge the longest turtle dive ever recorded. During the 
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three 4-h periods including dives longer than 70 min, the maximum depth reached by 
turtle T1 was always shallower than 200 m, and the same holds true for turtle T2 in the 
single period for which we have corresponding depth data.  
 
Temporal changes in diving behaviour. During the 7-8 months of tracking, 
turtles T1 and T2 covered 18994 and 14063 km respectively, moving over large areas in 
the South-western Indian Ocean and even shifting to the south Atlantic Ocean (Fig. 
3.3.1, 3.3.2; Luschi et al. 2003). The diving behaviour of both turtles changed 
throughout the tracking period (Fig. 3.3.4). For turtle T1, major changes occurred after 
the first 3.5 months of tracking: it is therefore convenient to divide her route in two 
parts, before and after 20 May, a date after which she started to decidedly move NE-
ward and then circled for months before re-entering the Agulhas Current mainstream 
(see Fig. 3.3.1). In the first part of the route, her dives were longer and deeper than in 
the second one (dive duration, means ± SEM: 7.2 ± 0.3 and 4.2 ± 0.2 min; dive depth: 
51.5 ± 1.8 and 15.1 ± 1.0 m; n = 358 and 448, respectively).  
In the first part, diurnal dives were shorter than nocturnal ones (means ± SEM: 3.7 
± 0.3 and 10.8 ± 0.6, n = 156 and 139, respectively for day and night). The time-at-
depth frequency distribution showed a more superficial pattern during daytime and a 
preference for the 30-70 m bin during the night (Fig. 3.3.4, insert a). However, since 
very deep dives below 300 m occurred exclusively during daytime, mean dive depth 
was shallower, albeit only slightly, during the night (means ± SEM: 53.0 ± 3.6 m for 
daytime and 47.2 ± 1.8 m for night-time, n = 156 and 139, respectively). In the second 
period, these diel differences disappeared, as a result of a change in turtle diving 
behaviour at night, when dives became very short and shallow. Dive duration was 
indeed similar for day and night (means ± SEM: 4.8 ± 0.3 and 3.8 ± 0.1 min, n = 197 
and 212, respectively for day and night) and the nocturnal dive-depth distribution 
shifted towards the surface (Fig. 3.3.4, insert b). Both diurnal and nocturnal dives were 
considerably shallower than in the previous period (means ± SEM of second vs. first 
period: diurnal dives, 20.5 ± 0.3 vs. 53.0 ± 3.6 m; nocturnal dives, 10.2 ± 0.3 vs. 47.2 ± 
1.8 m). Again, submergences over 200 m were recorded only during daytime (Fig. 
3.3.4, insert b).  
One major change that occurred between these two periods was a decrease in 
water temperature as revealed by PTT-sensed temperature values. In the first period 
(Feb. - May), the turtle remained within the warm waters of the Agulhas Current system 
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at a mean temperature of 24.1°C, with lowest values never below 21.1°C (Fig. 3.3.4). 
From May onward a general decrease in temperature was evident, although with some 
variations. In this period the temperature was nearly always below 22°C (mean 19.6°C 
in this period, with a minimum of 14.3°C), even when the turtle moved northward and 
back into the warmer Agulhas Current in September (Fig. 3.3.1, 3.3.4; see also Luschi 
et al. 2003). Corresponding changes in temperature were qualitatively seen in AVHRR 
satellite images of sea surface temperature (see Luschi et al. 2003). Daily means of 
depth and PTT temperature only showed a trend towards a significant correlation 
(Bravais-Pearson test corrected for autocorrelation, r = 0.76; df = 4; P = 0.079). 
Turtle T2’s diving behaviour mostly exhibited the same daily pattern shown by 
turtle T1 in the first part of her route, with nocturnal dives being more prolonged than 
diurnal dives (means ± SEM: 6.0 ± 0.2 and 2.8 ± 0.2 min, n = 198 and 199, respectively 
for night and day). These differences were paralleled by a different diving activity at 
various depths, with a bimodal preference for near-surface submergences and the 120-
200 m interval during daytime, and for the 30-200 m range at night (Fig. 3.3.5). Like for 
turtle T1, diel differences in dive duration disappeared in the very last part of turtle T2’s 
route, with dives becoming short also during nighttime (means: 2.7 ± 0.2 and 2.7 ± 0.5 
min, respectively for night and day). In this period, the turtle was West of the African 
continent, presumably within the Benguela current (Luschi et al. 2003), when the PTT 
temperatures reached the lowest values (mean during the period: 15.5°C). Also for turtle 
T2, deepest dives (over 300 m) occurred only during daytime. 
 
Diving behaviour and shape of the route. The diving pattern of the tracked turtles 
appeared to be not related to the shape of the route. This is shown by comparing dive 
duration values in qualitatively similar or different parts of the routes (Fig. 3.3.1, 3.3.2). 
For instance, turtle T1’s mean dive duration during the prolonged circuitous movements 
performed between June and August in an oceanic eddy (Fig. 3.3.1c) was similar to that 
recorded during the successive linear movement in the core of the Agulhas Current (Fig. 
3.3.1d), but it was different from that recorded during some similarly shaped loops 
previously made in March and April (Fig. 3.3.1b). Most noticeably, the same pattern 
emerges when analysing the time-at-depth distributions in distinct legs of the route. 
Dive-depth distributions were different in two circling parts of the route (cf. Fig. 3.3.1 b 
vs. c) but remained identical when the turtle ceased to circle in late August and 
successively covered a linear leg within the main course of the Agulhas Current (cf. Fig. 
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3.3.1 c vs. d). Also in the February part of turtle T2’s journey, dive depths were similar 
when she linearly drifted in the current mainstream (Fig. 3.3.2b) and when she 
performed extensive loops (Fig. 3.3.2 c, d).  
 
Turtles T3 and T4 
 
Turtles T3 and T4 were tracked for 16 and 168 days, during which they covered 
1569 and 8643 km. They initially followed a course generally similar to the previous 
turtles, moving SW with a straight path, mostly coincident with the mainstream of the 
Agulhas Current (Fig. 3.3.6). Like turtle T2, turtle T4 later on shifted from the Indian to 
the Atlantic Ocean, in the Benguela current area (Richardson et al. 2003), where she 
followed a more circuitous path.  
 
General diving activity. Mean dive durations in 6-h periods were substantially 
longer than in the other turtles (Table 3.3.1). For turtle T4, the mean percentage of time 
submerged was much smaller than for the other three turtles (Table 3.3.1), as a result of 
major changes in this parameter which occurred throughout the tracking period (see 
below). Maximum depths reached were 240 m for turtle T3 and 940 m for turtle T4.  
Dive profiles (Fig. 3.3.7) have been reconstructed for a total of 277 (turtle T3) and 
1265 (turtle T4) dives. The vast majority of these dives were shorter than 30 min (100% 
for turtle T3; 98.7% for turtle T4), with a maximum duration of 44.5 min recorded in 
turtle T4 for a dive reaching a depth of 849.8 m. The turtle took 18.9 min to directly 
reach a depth of 786 m, then decreased her descent rate to reach the maximum depth in 
further 6.3 min. Her ascent was similar to the initial descent, as she swam for 19.3 min 
to reach the surface from 850 m depth. Bottom time percentage of dives longer than 5 
min was mostly between 10 and 50% (256 dives out of 262, 97.7 % in turtle T3; 1093 
dives out of 1198, 91.2%, in turtle T4). This means that the vast majority of dives 
displayed a similar, basically V-shaped (Schreer et al. 2001), profile (Fig. 3.3.7). This 
prevalence remained constant throughout the tracking period.  
 
Temporal changes in diving behaviour. Both mean dive duration and dive depth 
decreased markedly during turtle T4’s route (Fig. 3.3.8, upper part), especially from the 
beginning of March onward (i.e. when the turtle was moving in the Atlantic Ocean). A 
similar pattern was evident for the percentage of time spent submerged (Fig. 3.3.8, 
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lower part), which dropped from about 60% in early March to less than 10% in late 
June. As for turtle T1, these changes in turtle T4 diving behaviour appear to be related 
to water temperature: daily means of dive duration and depth were in this case 
significantly correlated to daily water temperature (Bravais-Pearson test corrected for 
autocorrelation, r = 0.759; df = 7; P = 0.018 for duration; r = 0.612; df = 12; P = 0.020 
for depth). Similarly, the maximum depth reached in single dives displayed a significant 
correlation with water temperature (Bravais-Pearson test corrected for autocorrelation,   
r = 0.429; df = 20; P = 0.046).  
There were diel differences in the percentage of time spent diving, with turtle T3 
diving on average for the 69.5% of the time during the day and 79.6% during the night 
and turtle T4 spending the 24.1% of time diving during the day and the 43.3% during 
the night. In turtle T3, no relevant diel differences were observed for dive depth and 
durations in data averaged over 6 h (mean durations ± SEM: 16.7 ± 0.7 and 17.2 ± 0.9 
min for diurnal and nocturnal dives, n = 16 and 12; mean depths ± SEM: 70.5 ± 2.5 vs. 
66.5 ± 3.2 m; maximum depths ± SEM: 113.8 ± 5.5 vs. 110.1 ± 13.2 m).  
In turtle T4, major differences in diel patterns of diving were noted in different 
part of the routes. These changes are most clearly shown by dividing her route in two 
parts, before and after 14 March, when she started her decided northward movement in 
the Atlantic Ocean (Fig. 3.3.6). In the first part, mean dive duration was slightly shorter 
during daytime than at night (means ± SEM: 19.2 ± 0.9 vs. 23.6 ± 0.8 min, n = 20 and 
14, respectively for day and night) and dives were deeper during the day (mean depths ± 
SEM: 91.9 ± 12.2 vs. 75.0 ± 5.5 m; n = 20 and 14, respectively for day and night). In 
the second part, no such diel differences in dive duration were observed (means ± SEM: 
13.0 ± 0.5 and 12.6 ± 0.6 min for diurnal and nocturnal dives, n = 47 and 50), and both 
nocturnal and diurnal dives became shallower (mean depths ± SEM: 37.9 ± 2.7 m 
during daytime, and 30.4 ± 2.0 m at night, n = 61 and 56). Data deriving from the 
recorded dive profiles showed the same pattern.  
   
 
DISCUSSION 
 
General diving behaviour. Mean dive times recorded in turtles T1 and T2 (4.2-
5.5 min; Table 3.3.1) are shorter than those recorded in other studies employing time-
depth recorders during the internesting period (6.7-13.5 min; Eckert et al. 1989, 1996; 
Eckert 2002; Southwood et al. 1999; Standora et al. 1984). This is most probably the 
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result of the way Telonics transmitters were programmed. Since they regarded as dives 
all cases in which the salt-water sensor was wet for more than 10 sec, they could have 
considered as real dives also those instances in which turtles were just bobbing down 
near the surface (see also Keinath & Musick 1993). These very short “dives” could 
therefore have artificially altered the overall values of dive number and duration. Dive 
duration values obtained through satellite telemetry are indeed lower (2.3-3.2 min; 
Keinath & Musick 1993; Hughes et al. 1998). Similarly, mean dive times recorded in 
turtles T3 and T4 (16.9 and 14.9 min) are higher than the values of the other two turtles, 
and similar to those reported by Hays et al. (2004a) relying on the same PTT models, 
which only consider dives deeper than 10 m. In any case, we recorded instances of 
mean dive durations exceeding 20 min in turtles T1 and T2 as well (Fig. 3.3.3a), with 
single submergences being in 6 cases longer than 70 min.  
The main pattern shown by the turtles was that of making continuous sequences 
of quite short dives, at least for the majority of their routes. This is in broad accordance 
with previous findings (e.g. Eckert et al. 1989; Southwood et al. 1999; Reina et al. 
2005), and suggests that leatherbacks generally tended to remain within their aerobic 
diving limit, a strategy which is thought to allow to optimise the time spent underwater 
and to re-dive almost immediately once emerged (Eckert et al. 1986; Costa et al. 2001). 
While the at-sea aerobic dive limit of leatherback turtles has never been measured, 
Southwood et al. (1999) suggested that this limit is between 33 and 67 min in 
internesting leatherbacks, considering the postdive surface intervals of single recorded 
dives and the metabolic rates previously measured in nesting females. Hays et al. 
(2004a) estimated this limit to be around 40 min, having found that the dives of 
postnesting leatherbacks very rarely exceeded this duration. Our data, showing that 
dives of all turtles were mostly under 40 min (under 30 min for turtles T3 and T4), are 
in good agreement with these findings, and confirm that 30-40 min constitutes an 
important threshold for diving leatherbacks. We however recorded several instances in 
which the leatherbacks undertook dives longer than this, even reaching the record 
duration of 70-80 min. Although for this finding the possibility of a failure in the 
opening of the salt-water switch when the animals reached the surface to breathe cannot 
be excluded, dives of comparable durations have been recorded with data loggers in 
internesting leatherbacks (Southwood et al. 1999). Interestingly, when making these 
very prolonged dives, turtles did not reach large depths, but rather stayed in the upper 
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part of the water column and so the prolonged submergence was not due to the attempt 
of reaching deep waters. The reason for these rare long dives remains enigmatic.  
The tracked leatherback turtles sometimes dove to depths over 900 m, in 
accordance with data recorded in other leatherbacks making oceanic movements (Hays 
et al. 2004a, b). While depth data for turtles T1 and T2 were binned and referred to 4-h 
periods preventing to record parameters of each individual dive, dive profiles obtained 
for turtles T3 and T4 are in this respect much more informative and allow a better 
interpretation of the leatherback diving behaviour (see also Hays et al. 2004a). In most 
cases, dive profiles of turtles T3 and T4 had a similar shape, with turtles diving to a 
given depth and returning to surface rather directly (Fig. 3.3.7; Eckert 2002). Only a few 
of them presented a prolonged flat-bottom part, as it is commonly found in other turtles 
during internesting (e.g. Hochscheid et al. 1999; Hays et al. 2000). This pattern 
resembles that recorded in internesting leatherbacks (Eckert et al. 1989; Southwood et 
al. 1999; Eckert 2002; but see Eckert et al. 1996, Reina et al. 2005, who recorded also 
flat-bottomed dives to sea floor occurring during internesting) and indicates that turtles 
mostly travel through the water column without stopping at intermediate depths, 
probably exploring it in search for prey. 
 
Diel variations. The four turtles exhibited a diel pattern in their diving behaviour, 
at least for most part of their routes. This is best shown by the time-at-depth 
distributions of turtles T1 and T2 (Fig. 3.3.4a; 3.3.5), in which a daytime preference for 
shallow depths (<10 m, with occasional dives to depths over 200 m) was clear, while 
the nocturnal activity was more evenly distributed roughly in the range 30-200 m. This 
pattern is thought to derive from turtles foraging within the deep scattering layer (Eckert 
et al. 1989; Hays 2006), which consists in zooplankton that makes diel vertical 
movements in response to light levels, moving to the surface at night but descending 
below 600 m during the day (Eckert et al. 1989; Hays 2003). Nocturnal dives were 
accordingly longer than during the day, as it is expected to occur when prey are more 
readily available and foraging success is high (Thompson & Fedak 2001). Depths over 
200 m were only reached during daytime, when occasional deep dives interrupted the 
common pattern of staying mostly near the surface, making short, shallow dives (most 
likely not related to feeding; Eckert et al. 1989; Reina et al. 2005). These occasional 
deep dives are thought to have an explorative function, whereby turtles search for their 
prey that are usually deeper during daytime.  
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Long-term variations in diving behaviour. There is little information available as 
to how leatherback diving behaviour changes during long-distance movements, when 
turtles are certainly bound to encounter variable environmental conditions. Hays et al. 
(2004a, 2006) have recently recorded marked changes in leatherback diving behaviour 
as their tracked turtles moved out of the Caribbean into the more productive Atlantic 
waters, with dives becoming longer. A similar tendency to increase dive durations in 
areas suitable for foraging has been found in a leatherback previously tracked in the 
southern Indian Ocean (Hughes et al. 1998).  
Turtles T1, T2 and T4, which have been tracked for long periods, exhibited clear-
cut changes during the last part of the tracking, their dives becoming shorter and 
shallower, as if they were in areas with a limited availability of prey. This however 
seems not to be the case for these turtles, which indeed visited productive waters such 
as those of the Subtropical Convergence or of the Benguela current system (Luschi et al. 
2003). Furthermore, diel differences in diving behaviour disappeared, and turtles 
concentrated their activity in the most superficial water layers at any time, lacking the 
nocturnal shift towards longer dives. This constitutes a specially intriguing finding 
giving the wide occurrence of diel differences in diving behaviour of marine animals 
(e.g. Wilson et al. 1993; Putz et al. 1998; Bennett et al. 2001). The decrease in water 
temperature recorded for all turtles can provide a possible clue to explain these changes 
in diving behaviour, as indicated also by the positive correlations between PTT 
temperatures and turtle dive depth and duration. It is conceivable that the low 
temperatures encountered in the second part of their routes may per se have led the 
turtles to stay near the surface performing short dives (e.g. for thermoregulatory needs), 
but other factors that possibly co-changed with temperature may have affected turtle 
behaviour. A major role may have been played by temperature-dependent temporal (e.g. 
seasonal) changes in local distribution, composition and/or behaviour of prey. For 
instance, it is possible that a decrease in water temperature may have induced an higher 
availability of prey at shallower depths at any time of the day, leading turtles to shift to 
a pattern of numerous short dives in the second part of the routes, possibly improving 
diving efficiency (Houston & Carbone 1992; Hays et al. 2006; see above). Instances of 
leatherback turtles feeding on jellyfish at the water surface during the day (i.e. on 
plankton that is not performing DVM) were reported by James & Herman (2001).  
As previously found in another leatherback turtle tracked in the same area 
(Hughes et al. 1998), the diving activity of tracked turtles turned out to be independent 
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on the shape of the route followed, with similar diving behaviour recorded in differently 
shaped segments (e.g. when turtles moved linearly in the Agulhas mainstream or circled 
within oceanic eddies), or different patterns recorded in similar looping segments (Figs. 
3.3.1, 3.3.2). Moreover, even time profiles of the dives recorded in turtles T3 and T4 
displayed little variation. This result provides support to previous findings on the strong 
influence exerted by current features on the horizontal movements of south African 
leatherback turtles (Luschi et al. 2003). Indeed, if the following linear or looping paths 
derived from the turtles’ tendency to move to a new area or to stay in a particular patch 
of water, then one would predict that differences in diving behaviour would be 
detectable. For instance, green and loggerhead turtles have been shown to make short 
dives when migrating along straight paths and much longer dives when feeding in 
coastal waters at their foraging grounds (Hays et al. 1999; Godley et al. 2003). This was 
not the case in the present study, where leatherback turtles seemed to perform their 
dives independently from their actual geographical movements, that are therefore likely 
to be determined by major current features in the areas crossed, at least for most part of 
their journey (Luschi et al. 2003).  
In conclusion, the present findings show how the prolonged monitoring of turtle 
movements and behaviour at sea can provide meaningful insights in many aspects of sea 
turtle biology. Such information is particularly important for endangered species such as 
leatherbacks, that spend most of their life moving in remote oceanic areas far from land, 
and whose behaviour outside the nesting season is still very poorly known. 
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 Fig. 3.3.1 Reconstructed track of
turtle T1. Inserts show the turtle time-
at-depth frequency distributions for
the entire route (a) and for three
differently shaped segments of the
route (b-d, dates as indicated). Turtle
position on 20th May is also indicated.
The white circle indicates the location
of the nesting beach. 122
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Fig. 3.3.2 Reconstructed track of
turtle T2. Inserts show the turtle time-
at-depth frequency distributions for
February (a) and for three differently
shaped segments of the route (b-d,
dates as indicated). The white circle
indicates the location of the nesting
beach. 
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Fig. 3.3.3 Frequency distributions of  mean dive durations (a) and  number of dives per 
hour (b) recorded in 4-h intervals for turtles T1 and T2 during the entire routes. 
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Fig. 3.3.5 Diel differences (day, white; night, black) in time-at-depth frequency 
distribution of turtle T2 during February (means ± SEM).  
 
 
Fig. 3.3.6 Reconstructed tracks of turtle T3 (thin line) and T4 (thick line). The white 
circle indicates the location of the nesting beach. 
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Fig. 3.3.8 Changes in dive percentage, mean depth and duration for turtle T4 and 
corresponding changes in surface water temperature throughout the tracking period. 
Data shown are 10-day means (± SEM) of the summary information on diving 
behaviour averaged over 6 h and of temperature values recorded at 5-7 m depth, as 
relayed by the transmitters.  
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4. 
Postnesting movements of green turtles (Chelonia mydas) in 
the Mozambique Channel 
 
 
Running title: Green turtles in the Mozambique Channel 
 
 
 
ABSTRACT. The postnesting migrations of 8 adult female green turtles (Chelonia 
mydas) nesting in 2004-2005 on Mayotte Island (Comoros Archipelago), in the northern 
part of the Mozambique Channel, were reconstructed through satellite telemetry. 
Integrating turtle location data with satellite-derived remote sensing information we 
investigated which strategies green turtles, as open ocean swimmers, use to interact with 
oceanic currents during the journey towards their foraging grounds.  
All the experimental turtles were shown to share a common migratory pattern 
towards the eastern African coast, most of them following fairly straight routes towards 
two main foraging areas located along the Mozambique and the Tanzania shoreline. 
Two main migratory strategies were identified. The first one was shown by 4 
turtles which headed westward soon after the release so that they crossed the open-sea 
waters of the Mozambique Channel and reached the southernmost foraging ground. The 
other 4 turtles followed the northern edge of the Comoros Archipelago, crossed the 
channel at a lower latitude than the former turtles, and arrived at the northernmost 
feeding area.     
The current circulation analysis showed a significant relationship between the 
shape and the speed of the recorded routes and the major surface currents experienced 
by the turtles in that oceanic region. The turtle tracks seem to result from the vector 
composition of the current motion and of the turtle active swimming directed towards 
the residential quarters. The obtained results allowed us to conclude that the turtles did 
not compensate for the drifting action of the current in the open sea but let themselves 
to be deflected by the water flow.   
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INTRODUCTION 
 
Green turtles (Chelonia mydas) are known to be long-distance oceanic migrants 
(Carr 1984; Papi & Luschi 1996; Luschi et al. 2003a). Tagging projects and satellite 
telemetry studies have shown that adult females carry out extensive 2-way migrations 
periodically moving between breeding sites and residential foraging grounds which are 
used for the entire inter-reproductive period (Meylan 1982; Plotkin 2003). These two 
locations can be hundreds or thousands of kilometres away and are individually 
specific, with fidelity both to the nesting beach (Miller 1997), and to the feeding 
grounds having been demonstrated (Limpus et al. 1992; Balazs 1994). For example, the 
migrations of the green turtle population nesting on Ascension Island, a small remote 
island in the middle of the South Atlantic Ocean, represent a paradigmatic case of long-
distance movements, as these turtles cover about 2200 km to reach their foraging areas 
in shelf waters of Brazil (Carr 1984; Luschi et al. 1998).  
Green turtle migrations are therefore aimed at reaching individually-specific (and 
often distant) locations, which the turtles are faithful to (Plotkin 2003). In fact, unlike 
leatherback turtles, which are known to take advantage of being passively drifted by the 
currents to search for their gelatinous planktonic prey within wide-range pelagic 
foraging grounds (Luschi et al. 2003b), adult green turtles are herbivorous and mainly 
feed on macroalgae available only on the sea floor (Mortimer 1982; Bjorndal 1997) and 
thus do not find suitable food in open ocean. For this reason, green turtles migrating 
across open-sea regions are expected to swim actively aiming at reaching their neritic 
foraging grounds as soon as possible. In doing this, they are supposed to adopt 
behavioural strategies suitable for achieving the best balance between time spent and 
energetic costs needed to accomplish the migration.  
Sea currents and related oceanographic features are likely to be important 
environmental factors affecting the movements of green turtles migrating through the 
open ocean. Oceanic currents certainly exert a mechanical action on the turtles 
movement. Depending on the relationship between the current flow direction and the 
swimming orientation, three different situations are possible (Girard et al. 2006). When 
the current flows in the intended migration direction, the turtles may simply follow the 
water movement so as to be made to speed up along their intended route. If rather, the 
current flows in an opposite direction respect to the turtle swimming, the animal’s 
ground speed will be caused to slow down. Lastly, the action of current flowing not 
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parallel to the turtle swimming direction, will produce lateral drift with respect to the 
most suitable route. Analysing movements oriented towards precise targets, therefore 
represents a profitable method to study the possible action exerted by the current 
circulation on the turtle spatial behaviour.    
The present study aims at investigating how the postnesting migratory routes of 
green turtles nesting on Mayotte Island (Comoros Archipelago) and moving across the 
Mozambique Channel towards their specific foraging grounds along mainland Africa 
are influenced by the predominant oceanographic features.  
 
Physical settings. The current circulation of the oceanic region along the 
Mozambique coast and of the northern part of the Mozambique Channel is strictly 
linked to the strong westward flow of the northern zonal component of the Indian Ocean 
Gyre, which is called South Equatorial Current (SEC) (Tomczak & Godfrey 2001). 
Figure 4.1a schematically shows this current dividing and forming two main branches 
when approaching the eastern African coast. One of these branches flows northwards 
forming the East African Coastal Current (EACC), whilst the other one heads south into 
the Mozambique Channel (Lutjeharms et al. 2006). The latter was once considered as a 
true oceanic current and was called Mozambique Current (Lutjeharms et al. 2000). 
However, recent analyses have demonstrated that on the western side of the 
Mozambique Channel no continuous boundary current exists, but only a very high flow 
variability (De Ruijter et al. 2002; Ridderinkhof & De Ruijter 2003). Mesoscale anti-
cyclonic eddies (each 200 km in diameter) are the major elements shaping the surface 
circulation of this oceanic region (Fig. 4.1b): they are formed at the narrows of the 
channel and move poleward from here along the Mozambique coast. The Comoros 
Basin, directly south of the Comoros Islands, lies between the SEC and the narrow of 
the channel. This region is characterised by an anti-cyclonic eddy that is relatively 
stable and whose surface flow is feeble, except for the part following the African coast 
(Fig. 4.1b).     
  
 
MATERIALS AND METHODS 
 
Turtles and transmitters. In June-August 2004 and 2005, eight adult female green 
turtles (CCL from 95 to 112 cm), equipped with different models of Telonics (Mesa, 
AZ) satellite transmitters (Table 4.1), were followed during their postnesting migrations 
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from Mayotte, the easternmost island of the Comoros Archipelago (northern 
Mozambique Channel; Fig. 4.2). All these turtles belonged to a group of 20 individuals 
used in displacement experiments aimed at investigating the involvement of 
geomagnetic cues in homing abilities. The present study only concerns the movements 
performed by eight of those experimental turtles, which had all safely returned back to 
their nesting area in Mayotte Island from the sites where they had been released in the 
course of the displacement experiment (see Luschi et al. in press for details). Four of 
them had been magnetically disturbed by means of powerful mobile magnets attached 
to their head only during the passive displacement to the release site, two others were 
controls and had been equipped with brasses. Finally, the last two turtles had been 
equipped with magnets just before the release and wore them during the homing trip 
(Table 4.1). For these two turtles we have no way of knowing whether such magnetic 
disturbance persisted after they returned back to Mayotte and during the postnesting 
migration. In fact, none of the eight tracked turtles was observed to re-nest after the 
homing trip. Anyway, the magnets are most likely to have come off before the turtles 
left their nesting area, while they were swimming in reef shallow waters. Postnesting 
migration of seven turtles was tracked from when they left Saziley beach, in the south-
eastern part of Mayotte, after having completed their egg-laying cycle. The other turtle 
did not return to Saziley beach, but approached the northern coast of the island, where 
she probably nested in another beach, before starting the migratory movement.  
Low-quality fixes clearly erroneous because located on land or whose position led 
to infer a ground speed value higher than 7 kmh-1 (a threshold estimated taking into 
account high-accuracy locations only) were disregarded for the reconstruction of the 
turtles’ routes (sea also Luschi et al. 1998). Ground speed values were calculated by 
dividing the beeline distance between successive fixes by the time spent by the turtle to 
cover it.  
 
Oceanographic data. The physical and biological environmental parameters we 
used to describe the oceanographic conditions experienced by the migrating green 
turtles were sea surface temperature (SST), surface chlorophyll-a density, and sea 
surface altimetry. All this information was collected through satellite-derived remote 
sensing techniques (see Chapter 2 for details).  
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Sea surface temperatures were monthly averages of Multi-channel data sensed 
through the Advanced Very High Resolution Radiometer with 0.5° accuracy and a 
nominal spatial resolution of 9 km.  
Information about the water primary productivity was obtained as monthly ocean 
colour images showing the chlorophyll-a pigment surface density (see Chapter 2). 
These data were collected from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) 
on board the Orb-View 2 satellite and are available thanks to the NASA’s SeaWiFS 
Project (http://oceancolor.gsfc.nasa.gov/) 
Two different altimetry products were employed to achieve a representation of the 
surface current circulation as reliable as possible. Images of the sea surface height 
anomalies (SSHA) were issued from the integrated processing of Topex-Poseidon and 
ERS-1 and -2 data (Ducet et al. 2000) and obtained from the Colorado Center for 
Astrodynamic Research (University of Colorado, Boulder, CO, USA; 
http://e450.colorado.edu/realtime/gsfc_global-real-time_ssh/) in the form of 10-day 
period averages. Information about the general course and speed of major steady current 
fluxes was obtained through the estimation of the absolute geostrophic velocity (AGV) 
which derives from dynamic topography measurements (see Chapter 2) and is provided 
by SSALTO/DUACS, the CNES (French Space Agency) altimeter data processing 
system. This system processes, validates and archives altimeter data from all satellite 
altimeter missions: Jason-1, T/P, ENVISAT, GFO, ERS1/2 and GEOSAT. Images of 
the absolute geostrophic velocity vector fields in the area of interest are available 
weekly and freely downloaded from the AVISO/Altimetry centre for multi-satellite 
altimeter missions (Toulouse, France; http://las.aviso.oceanobs.com/las/servlets/). 
Further information on the oceanic circulation characterising the study area during 
the turtle tracking period came from considering the reconstructed routes of Argos-
linked Lagrangian surface buoys. Buoy location data optimally interpolated to 6-hour 
intervals were provided from the Atlantic Oceanographic and Meteorological 
Laboratory (AOML; http://www.aoml.noaa.gov/phod/trinanes). 
 
 
RESULTS 
 
The tracked female green turtles displayed a remarkably similar behaviour with no 
apparent distinction depending on the tracking year nor on the magnetic treatment they 
had been subjected to during the displacement experiment. They all generally moved 
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westward after having left the waters of Mayotte Island and crossed the northern part of 
the Mozambique Channel approaching the African coast (Fig. 4.2). Except for Irène, for 
which we have only two fixes close to the nesting site and one last location along the 
eastern Africa coast, the routes followed by the turtles across the channel were quite 
precisely reconstructed. The lack of intermediate locations in the Irène’s route was 
probably due to failures in the transmitter’s salt-water switches. 
Two principal migration patterns were distinguished depending on the general 
direction followed while moving away from Mayotte and on the location of the 
destination areas. The first one was shown by those turtles which headed north-west 
soon after leaving the nesting beach, moved along the northern side of the Comoros 
Archipelago and then stopped in the Tanzania coastal waters (Fig. 4.2). The second one 
was shown by other four turtles which headed immediately offshore and reached the 
Mozambique coast after crossing the Mozambique Channel (Fig. 4.2).  
All the migratory journeys ended with turtles staying in spatially restricted 
shallow waters areas (a few tens of kilometres long stretches of coastline) located along 
the eastern African continental shelf. These sojourns of different duration (mean ± 
SEM: 18 ± 4 days; see Table 4.1) in shallow shelf waters constituted evidence of arrival 
at distinct foraging grounds: a northern one and a southern one, along the Tanzania and 
the Mozambique coasts respectively. Analysis of water primary productivity 
distribution showed the occurrence of particularly high density of chlorophyll-a in 
correspondence of those inshore areas where turtles sojourned (Fig. 4.3).    
A remarkably constant sea surface temperature of 25°C was recorded through 
remote sensing techniques in the study area. Water temperature turned out to have a 
homogeneous distribution all over the region frequented by the turtles and not to vary 
during the entire duration of the tracking both in 2004 and 2005 study periods. 
In order to better investigate the relationship between the movement pattern 
shown by the turtles and the role played by the surface current circulation we treated 
separately the routes that followed the two migration patterns above described, so 
distinguishing the journeys that included both an initial leg along the Comoros Islands 
and a subsequent offshore leg, from those which completely developed in open ocean. 
For the sea surface altimetry analysis only those route segments which were away from 
the coast could be taken into account (see Chapter 2 for details).  
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The northern migration pattern. Three turtles (Canetton, Gwenadu and Cécile) 
passed along the northern side of the Comoros Archipelago and subsequently crossed 
the Mozambique Channel following different paths depending on the oceanographic 
situation encountered (see below). All the three turtles arrived in the northernmost of the 
two main foraging areas. Once left the Comoros Islands, Cécile continued north-
westward and her 780 km journey ended after 10 days about 150 km south of Mafia 
Island, along the Tanzanian coast. Conversely, the course of the other two turtles turned 
south-west, until they arrived into the Mozambique shelf waters and then moved 
northward keeping very close to the shoreline up to the region of Mafia Island, where 
their 41-44 day-long tracking finished after having covered 1482 and 1464 km 
respectively (Table 4.1).  
Ten Lagrangean drifters were tracked in the same period as the turtles (Fig. 4.4). 
Unfortunately, no buoys passed close to Mayotte, but they only entered the study area at 
more northern latitudes. Therefore, no indications on the current-related features 
encountered by the turtles while leaving from the island can be obtained through drifter 
route analysis. The recorded movement pattern closely resembled the general water 
circulation known for the examined area. Most of the buoys shared a common westward 
path drifting with the South Equatorial Current, but once they reached the region west 
of the Comoros Archipelago, their routes separated with some buoys being captured by 
the strong northward-directed EACC (Fig. 4.1a) and some others drifting south-west 
along the Mozambique coast and making circuitous movements on the eddy-rich 
western side of the channel (Fig. 4.1b). The two patterns described witness for a 
variability in the current circulation of the region north-west of the Comoros 
Archipelago which turned out to differentially influence the routes of the turtles 
migrating towards the northern foraging area. Actually, while turtle Cécile continued 
north-westward once she left Grande Comore, the tracks of Gwenadu and especially 
Canetton were clearly subjected to a southward deflection with respect to the final 
destination of the tracked migratory movement (Fig. 4.2). Since a prolonged stay in 
coastal waters was not recorded at the end of Canetton’s tracking period (Table 4.1), we 
cannot surely assert that she had really reached her specific foraging area. However it is 
reasonable to assume that the turtle would have reached her foraging ground keeping 
her northward course, and so that her goal was situated north of the last recorded fix.  
Turtle Canetton did not encounter intense sea surface anomalies during the 
movement that brought her from Mayotte first towards Anjouan and then along the 
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Grande Comore northern coast (Fig. 4.5a). However, AGV images showed that a 
northward current flow occurred between the first two islands (Fig. 4.5b). This flow is 
likely to have accounted for the small deflection of the turtle route in the same direction. 
In the subsequent open-sea segment, AGV images showed that the turtle progressively 
entered an anticlockwise current flow until she aligned herself with it heading south-
west (Fig. 4.5c). In correspondence of such change in the relationship between the track 
and the current direction an increase in the ground speed was recorded: from 2.86 to 
3.14 kmh-1. Moreover, the anticlockwise curved segment carried out by the turtle after 
leaving Grande Comore turned out to be superimposable to an anti-cyclonic eddy with 
the same sense of rotation revealed by the corresponding positive anomaly (red in Fig. 
4.5a).        
A similar pattern was recorded for the Gwenadu track in the same area. In the first 
segment of the route, no relevant anomalies were met by this turtle too (Fig. 4.6a), but a 
quite strong northward current may have caused the two bulges in the route in 
correspondence of the arms of the sea between the Comoros Islands (Fig. 4.6b). Once 
entered the Mozambique Channel the track direction fitted that of the geostrophic 
velocity vectors (Fig. 4.6b) and the ground speed increased from 2.90 to 3.56 km-1. 
In the Cécile’s case (Fig. 4.7) the predominant surface current from the north 
made the turtle to drift south during the pass between different islands, especially while 
approaching Grande Comore. Afterwards, the turtle continued north-westwards, directly 
towards the northern foraging area. This time too, the turtle moved in the same direction 
as the current. Moreover, it is worth noting that the highest speed increase (from 2.65 to 
3.95 km-1) was indeed recorded during Cécile’s tracking, when the estimated 
geostrophic current velocity reached its highest values (see vector length in Fig. 4.7) 
and the best correspondence between the current (EACC mainstream) and turtle 
direction occurred.  
   
The southern migration pattern. The turtles Heloise, Lucette, Nyamba and Leya 
kept a course on the southern side of the Comoros Archipelago, all of them following 
sinuous routes towards a relatively narrow area along the northern Mozambique coast. 
The four turtles migrated for 835-1264 km (mean ± SEM: 1034 ± 113 km) and their 
tracking lasted 19-53 days (Table 4.1). Current-related features throughout the 
Mozambique Channel turned out to play a major role in influencing the open ocean 
route segments covered by these turtles.  
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The circuitous courses of four buoys tracked simultaneously in the area west of 
the Comoros Archipelago showed the lack of a defined prevailing current and revealed 
conditions of instability characterised by the presence of numerous eddies moving 
southwards (Fig. 4.4). Such a complex oceanographic situation turned out to act on the 
trajectories of the turtles too, causing them to assume a meandering shape and 
producing inter-individual variations in the paths tracked across the channel (Fig. 4.2). 
Heloise’s journey was covered at a ground speed of 2.66 kmh-1 with no relevant 
variations. The two large northward curves of the turtle route are likely to have been 
caused by the action of the currents flowing across the channel from the south (Fig. 
4.8).  
While moving away from Mayotte, Lucette swam across a perpendicular feeble 
current evident both in the SSHA image, as part of an anticlockwise eddy (orange in 
Fig. 4.9a), and in the AGV image (Fig. 4.9b). Subsequently she entered and partly 
followed the clockwise water flow of a cyclonic eddy (Fig. 4.9c and blue negative 
anomaly in Fig. 4.9a), but her speed did not show appreciable changes during all the 
route which was covered at a ground speed of 2.71 kmh-1. The southward deflection of 
her route was most probably due to the encounter of these rotating water masses.   
Turtle Nyamba found a strong south-eastward current (Fig. 4.10a, b) soon after 
leaving the nesting beach and did not move directly against it, but carried out a large 
southward excursion which probably results from the interaction of the current action 
and of an active swimming nearly perpendicular to the former. A considerable increase 
in ground speed was recorded comparing this initial southward curve with the 
subsequent track leg towards the Mozambiquian coast: 1.79 against 2.91 kmh-1. Such a 
speed increase was most likely due to an overlapping of the turtle swimming direction 
on the prominent current flow. In fact, from the point of inflection of the route located at 
43° latitude (south of Grande Comore) Nyamba no longer moved against the eastward 
water stream component, but followed a north-westward water flow which is also 
shown in SSHA image (clockwise anomaly, blue in Fig. 4.10a) as well as in geostrophic 
velocity vector image (Fig. 4.10b).  
Along the track of turtle Leya also, an inflection point south of Grande Comore 
seems to indicate a change in the influence exerted by the current (Fig. 4.11a). In the leg 
covered from Mayotte up to that inflection point the turtle moved at a ground speed of 
2.91 kmh-1, while the speed was 4.45 kmh-1 in the subsequent leg. Such a speed increase 
as well as the anticlockwise movement made by the turtle in the second part of the route 
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is thought to have been caused by the passing from a weak oceanic circulation west of 
Mayotte, to a dynamic area characterised by the presence of a strong north-westward 
current (Fig. 4.11b) and of an anti-cyclonic eddy (red anomaly in Fig. 4.11a).  
 
 
DISCUSSION 
 
The tracked green turtles nesting on Mayotte Island were shown to follow two 
distinct migration patterns which led them to reach two different targets along the 
eastern Africa coast. Such low shelf areas on the Mozambique and Tanzania coasts 
represented profitable foraging grounds for the followed turtles as suggested by the 
prolonged sojourn they had there as well as by the high level of primary productivity 
recorded in these locations through ocean colour images. This was expected from the 
oceanographic situation of the study region. In particular, intense upwelling phenomena 
derive from the coastwise flowing of the strong northward EACC and are responsible 
for the high primary productivity enhancement recorded along that stretch of coastline. 
The migration pattern recorded in this study is similar to those obtained for postnesting 
green turtles elsewhere in the world (e.g. Balazs 1994; Papi et al. 1995; Schroeder et al. 
1996; Luschi et al. 1996, 1998; Cheng 2000; Craig et al. 2004), with females covering 
open-sea routes directed towards shallow water regions and making prolonged sojourns 
in those nutrient-rich neritic areas.  
The analysis of the postnesting migration routes in relation to the oceanographic 
parameters characterising the region between the Comoros Archipelago and mainland 
Africa was shown to be an essential tool for the interpretation of the migratory pattern 
followed by the tracked green turtles in the open ocean. Migrating turtles were expected 
to orient towards restricted specific foraging grounds, and so the comparison of the 
reconstructed tracks with the most suitable routes for reaching such spatially-defined 
targets allowed us to get clues about the way in which the movable medium conditioned 
the animals’ movement.  
The integration of SSHA images with absolute geostrophic velocity data turned 
out to be particularly useful to highlight the essential role played by the oceanic 
circulation, which was represented both by mesoscale current-related oceanographic 
features and by steady current flows, in influencing both the turtles’ trajectories and 
speeds. This is especially evident considering how the ground speed recorded in 
different route legs varied according to the relative orientation between the direction of 
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the route and the direction of the surface current. Increase in the speed occurred when 
turtles encountered currents oriented in the most suitable direction, i.e. towards the 
African coast. Those turtles which found westward currents quickly reached their target 
and followed quite straight routes (see Lucette and Cécile cases), whilst those which 
turned up within currents elsewhere oriented were driven away from their most suitable 
route. Only after having approached the African coast, they accomplished the necessary 
corrections to reach their intended feeding areas (see Canetton, Gwenadu and Heloise 
cases).         
The movement direction reconstructed by the satellite-derived location data thus 
seems to be a vector composition of the water motion and of the active swimming 
component oriented towards the African coast and particularly towards the resident 
quarters. Tracked turtles headed directly for their goal and did not consider the passive 
transport exerted by the current, so did not rely on compensation mechanisms for the 
drift (Girard et al. 2006; Green & Alerstam 2002), at least in open ocean. This indicates 
that the turtles did not seem to know their own position respect to their goal and were 
not able to compensate for drift, i.e. they did not swim in a direction producing a 
resultant movement towards their intended destination once composed with the current 
drift vectors (Girard et al. 2006). If the turtles had such a compensation ability, they 
should have been able to arrive at the foraging ground following straighter trajectories. 
However, the turtles demonstrated to be able to correct for the displacement caused by 
the current drift once they reached the continental shelf waters, possibly by using the 
coastline as a guide. For instance, both Canetton and Gwenadu, which had followed a 
north-westward migration path while moving through the Comoros Islands, were 
subsequently largely transported south by the current flow and appeared to locate their 
goal after having approached the Mozambique coast, heading immediately for their 
northern foraging area. Girard et al. (2006) have similarly shown a general inability of 
green turtles to take into account the deflecting action of ocean currents during open-sea 
movements. 
It is worth noting that the routes covered by the turtles Canetton and Gwenadu 
witness for their remarkable fidelity for the northernmost foraging ground. In fact, 
despite having reached the foraging ground chosen by the other turtles while moving 
along the Tanzania coast, they did not stop in this yet profitable area, but kept moving 
northward, showing a strong motivation to reach their goal. This fidelity to specific 
foraging grounds is known to occur in other green turtle populations (see e.g. Limpus et 
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al. 1992; Balazs 1994), and fidelity to specific areas is indeed a behavioural pattern 
common to many different animals, which has important adaptive implications. In the 
case of our turtles, we can reasonably suppose that, in terms of fitness, the profit gained 
from having reached that particular northern foraging area is higher than the 
disadvantage associated to the surplus energy spent to reach it. Moreover it is clear that 
in determining the amount of such a surplus and, as a consequence, in the regulation of 
the energetic balance, the opportunity of taking advantage of profitable current flow or 
the eventuality of suffering a harmful deflection owing to the oceanic circulation, may 
assume an essential function.  
Another aspect to be considered in the interpretation of the recorded spatial 
behaviour is that green turtles are thought not to feed during the migration to and from 
the foraging grounds (Carr et al. 1974; Mortimer & Carr 1987), but survive on large fat 
reserves laid down at their resident quarters (Prange 1976). Therefore, we cannot 
exclude that letting themselves to be drifted away, without striving to maintain their 
intended route by actively swimming to compensate the current drift, might result from 
a behavioural adaptation aimed at minimizing the energetic costs of returning to the 
feeding areas. Following routes which lead to a crossing of the open-sea waters as quick 
as possible by consuming the smallest amount of energy, rather than those permitting to 
cover the shortest distance, would be therefore preferred (see also Hays et al. 1999).    
The investigation of the relationship between the trajectories followed by the 
tracked turtles to reach their spatially-defined foraging areas and the current flows 
present in the crossed oceanic area, raises interesting issues on the navigation abilities of 
these animals. The turtles turned out to be able to move towards the general direction of 
their individually-specific foraging grounds (north-west for the first group and west for 
the second one) from the beginning of their trip. Since postnesting turtles are thought to 
aim at reaching specific feeding sites, already frequented in previous years, their 
postnesting movements have to be considered homing movements (Papi 1992). Some 
hypothesis on the homing mechanisms employed in these journeys can therefore be 
proposed.  
A first possibility is that turtles rely on the perception and on the distinction of 
concentration of specific chemical substances coming from the African coast and 
transported towards the Comoros Archipelago by the current (Koch et al. 1969; Carr 
1972; Owens et al. 1986). According to this, turtles would use their chemical sense to 
go up the hypothetical current-borne plume extending from a generally westerly 
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direction to the Mayotte’s region. However, as known in literature and largely shown 
through the AGV images, the surface current flows predominant in this oceanic region 
are oriented towards the African coast, i.e. in the opposite direction to that necessary to 
provide the postnesting turtles with information originating from the feeding ground. As 
a result, the currents can be reasonably discarded as factors involved in turtle 
navigation. 
Similarly, wind-borne cues could not have been used by the turtles to orient 
towards the African coast since the winds in the northern part of the Mozambique 
Channel during the study period prevailingly blew from south-east i.e. from the same 
direction the turtles came from during their postnesting migration.        
Another, more basic, possibility is that the turtles have used a kind of map, that is 
an internal representation of the geometric relations among noticeable points in the 
environment. These geometric relations would be established by means of a grid in 
which physical or chemical factors form isolines that have values steadily varying in 
given directions. Each point being determined by two coordinates, a so called bi-
coordinate gradient map could have allowed the turtles to locate themselves with respect 
to their destination and thus to compute the most direct route to reach it (Papi 1992; 
Lohmann & Lohmann 2006).  
One of the navigational systems often proposed to be used by migrating animals is 
a bi-coordinate geomagnetic map through which they would rely on parameters of the 
Earth’s magnetic field as source of positional information (Lohmann & Lohmann 
2006). By combining two geomagnetic gradients varying in different directions (i.e. 
total intensity and inclination) the turtles would create a geomagnetic map of the 
frequented oceanic region and so obtain positional information (Åkesson et al. 2003). 
The ability of distinguishing between the magnetic fields characterizing different 
geographic locations within their usual environment has been demonstrated in hatchling 
and juvenile turtles (Lohmann & Lohmann 1994, 1996; Lohmann et al. 2004) and 
evidence of involvement of geomagnetic cues in the navigation of adult turtles has been 
provided too (Luschi et al. in press). 
Since such a system would allow the turtles to establish their own position with 
respect to the target area, virtually at any location of their trip, Mayotte turtles migrating 
north-westward should have been aware of the drift-induced southward deflection 
occurring while crossing the channel, and should have changed their courses 
accordingly to compensate this presumably unwanted detour. No evidence of such 
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behaviour was however found in our turtles away from the coast. The recorded apparent 
lack of compensation for the current drift led us to suppose that the tracked green turtles 
were not able to precisely establish their own position with respect to their target and so 
that they did not employ bi-coordinate navigational mechanisms. Nevertheless, it cannot 
be excluded that the turtles may have bi-coordinate navigational abilities but 
“purposely” let themselves to be deviated by the current (without contrasting its action) 
because such a behaviour would produce a benefit in terms of energetic costs. This 
hypothesis is however weakened by those cases where deviations caused by the currents 
with respect to most suitable route were so large that the compensation for the current 
drift would have reasonably appeared a more favourable solution (e.g. turtle Canetton). 
On the other hand the postnesting migration routes of our turtles could have been 
accomplished also with a simpler system than a bi-coordinate map. The turtles actually 
need only to find the continent and then swim north or south along the coastline until 
the final destination is recognized (Lohmann et al. 1999). We can reasonably suppose 
that Mayotte turtles are able to reach the African coast by simply swimming towards a 
constant direction (i.e. west or north-west) which could be identified and followed by 
means of a celestial and/or a magnetic compass. Moreover, the rather steady current 
flow towards the African coast prevailing in the study region would represent an helpful 
factor for the turtles migrating from Mayotte Island. Once reached the African coast, 
which is aligned approximately north-south, the turtles may then realize any latitudinal 
shift caused by the current drift and accordingly correct, as indeed has shown to be the 
case. Such a coastal orientation towards their specific foraging ground could have been 
made through pilotage or even by employing any geomagnetic gradient (Lohmann et al. 
1999). In the first case, the turtle would have been able to move towards the correct 
direction recognizing consecutive landmarks, visual or of other types, she was familiar 
with (Papi 1992). In the second case, the turtles would have relied on the perception of a 
single magnetic parameter varying latitudinally such as the magnetic inclination angle 
or intensity. By comparing the value of that parameter at the present coastal site to the 
remembered value at the foraging ground, the turtles could have determined whether to 
swim north or south (Lohmann & Lohmann 2006). 
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Turtle CCL (cm) Tracking period 
Distance 
travelled 
(km) 
Sojourn 
duration 
(days) 
PTT model
Canetton a 111 9 Aug – 18 Sep 2004 1482 1 A – 210 
Heloise b 103 18 Jun – 19 Jul 2004 835 18 A – 210 
Lucette c 110 3 Jul – 13 Aug 2005 1194 44 A – 410 
Nyamba a 95 21 Jun – 12 Aug 2005 1264 42 A – 410 
Cécile c 105 30 Jun – 9 Jul 2005 780 1 A – 410 
Gwenadu c 112 16 Jul – 28 Aug 2005 1464 25 A – 410 
Irène b 110 19 Jul – 2 Aug 2005 709* 1 A – 210 
Leya c 102 28 Jul – 15 Aug 2005 845 12 A – 410 
 
Table 4.1 Tracking summary of the eight tagged green turtles. CCL: curved carapace 
length. Distance travelled was calculated as the addition of the beeline distances 
covered between all successive fixes. a turtles magnetically disturbed during 
displacement; b turtles without any treatment; c turtles magnetically disturbed during the 
homing trip. * This estimation was made using only two locations two weeks distant in 
time.  
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(a) 
 
 
 
SEC
(b) 
 
Fig 4.1 (a) General summer surface circulation in north-west Indian Ocean (Adapted 
from Tomczak & Godfrey 2001). EACC: East African Coastal Current; ECC: 
Equatorial Countercurrent; MC: Mozambique Current; SEC: South Equatorial Current. 
(b) Major circulatory features of the Comoro Basin and of the western side of 
Mozambique Channel (Adapted from Lutjeharms 2006).   
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Fig 4.2 Reconstructed postnesting routes of 8 female green turtles nesting on Mayotte 
Island. The name of the turtles tracked in 2004 is underlined. The Irène’s track is 
represented as a broken-line since it is the simple conjunction between two long-time 
distant fixes and does not represent a reliable reconstruction of the actual route followed 
by the turtle. Insert map shows the location of the study area, between Madagascar and 
the eastern African coast. 
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Fig 4.3 Routes of tracked turtles superimposed on an ocean colour image recorded on 
August 2005 showing surface chlorophyll-a concentration. The two principal locations 
where turtles focused their circuitous movements are circled in red and correspond to 
the inshore waters with the highest pigment density.  
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Fig 4.4 Routes of 10 Lagrangean surface drifters tracked as they passed within the same 
region frequented by the turtles and in the same period of the 2004-2005. 
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Fig 4.7 Track of the turtle Cécile superimposed on an image showing contemporaneous 
absolute geostrophic current velocity (AGV) vectors. 
 
 
 
 
Fig 4.8 Open-sea part of the turtle Heloise’s route superi
contemporaneous absolute geostrophic current velocity (A64.5 cms-163.0 cms-1 
mposed on an image showing 
GV) vectors. 
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5. 
Movements of loggerhead turtles (Caretta caretta) in the 
Central Mediterranean Sea 
 
 
Running title: Loggerhead turtles in the Central Mediterranean 
 
 
 
ABSTRACT. Satellite telemetry from 5 loggerhead turtles (Caretta caretta) provided 
us with information on the turtle’s movements and diving behaviour in the Central 
Mediterranean basin during 2003-2006. The tracked turtles were found stranded or 
entangled in fishing net along the coasts of the northern Adriatic or northern Tyrrhenian 
Seas and were rescued and recovered at specialized rescue centres. Once completely 
rehabilitated, the turtles were equipped with Argos-linked satellite transmitters and 
released from beaches close to the sites where they were found. Most of the turtles 
carried out migrations including autumn-winter southward movements and summer 
northward return trips. The Adriatic Sea was confirmed to be one of the most important 
region as foraging and aestivation area for the Mediterranean loggerheads.  
Oceanographic factor analysis highlighted the notable role played by major 
surface currents, with particular reference to the intense West Adriatic Current, in 
shaping the routes followed by the turtles within the Adriatic basin. Moreover, thermal 
variations (from 12°C in March to 28°C in July) in surface waters turned out to 
represent essential environmental information used by the turtles to calibrate the time 
regulation of their seasonal latitudinal movements. Finally, evidence for a winter 
hibernation triggered by a threshold temperature of 14-15°C was found as revealed by 
significant variations in the diving behaviour throughout the tracking periods.  
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INTRODUCTION 
 
The loggerhead sea turtle (Caretta caretta) is a highly migratory species whose 
movement pattern is characterised by covered distances and routes variable depending 
on the lifecycle stage. Hatchlings usually drift passively in ocean current systems (Carr 
1986). Juveniles and sub-adults feed both in open ocean (e.g. Polovina et al. 2000, 
2004; Bolten 2003) and in shallow coastal areas (Bowen et al. 1993; Musick & Limpus 
1997; Bolten 2003) and adult females periodically migrate between feeding and nesting 
areas, both of which the animals have been demonstrated to be faithful to (Plotkin 2003; 
Schroeder et al. 2003). The available information on the migratory habits of adult males 
is scarce. 
The loggerhead turtle is present in high numbers and is widely distributed into the 
Mediterranean Sea. All major nesting sites for this species are mainly confined to the 
eastern basin: Cyprus, Greece, Libya and Turkey (Groombridge 1990; Pritchard 1997; 
Laurent et al. 1998; Margaritoulis et al. 2003). Until recent years, the vast majority of 
the knowledge about the loggerhead turtles’ movements in the Mediterranean basin was 
based exclusively upon analyses of tag-returns (Margaritoulis 1988; Argano et al. 1992) 
and by-catch (Camiñas & De la Serna 1995; Lazar & Tvrtković 2003; Casale et al. 
2004). More recently, several satellite telemetry studies have been carried out on a few 
individuals only (Hays et al. 1991; Bentivegna 2002; Godley et al. 2003). Therefore, 
despite several decades of study, a detailed habitat characterization of turtles’ foraging 
grounds is lacking and little is known about the at-sea behaviour of loggerheads in the 
Mediterranean basin. This is particularly evident as regards the seasonal variation of the 
geographical distribution or the localisations of the foraging and over-wintering habitats 
of turtles of different life stages. 
Substantial evidence anyway exists that the northern Adriatic Sea represents one 
of the best feeding area within the Mediterranean Sea (Argano et al. 1992; Lazar et al. 
2000, 2004), hosting a quite large number of loggerhead turtles for most part of the year 
and especially during the summer months. In these waters juveniles are also commonly 
found, probably spending here part of their pelagic developmental phase until close to 
sexual maturity (Lazar et al. 2002). Analysis of tag recoveries have provided researchers 
with evidence of the fact that most of the adult female turtles frequenting the Adriatic 
waters belong to the Greek nesting population. Greek loggerheads are thought to enter 
the Adriatic sea during their postnesting migration, moving along its eastern coast in 
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order to reach benthic feeding habitats suitable for this species at the northernmost 
latitudes (Lazar et al. 2000).  
On the other hand, virtually nothing is known of the movements made by the 
many loggerhead adults and juveniles that spend long periods of the year in northern 
and central Tyrrhenian Sea. The few available data refer to the specimens accidentally 
captured by fishermen or to those stranded on beaches (Bentivegna et al. 2001). Though 
it has been supposed that adult loggerheads frequent this area only during the warmest 
months and then undertake seasonal southward migrations towards warmer waters 
(Bentivegna 2002), the occurrence of such migrations has never been demonstrated. 
To date there has been relatively little research on the interactions of loggerheads 
with the oceanographic factors especially for the Mediterranean populations (e.g. 
Polovina 2000, 2004; Bentivegna 2002; Godley et al. 2003; Hochsheid et al. 2005). The 
aim of this work is to analyse the routes followed by 5 rescued loggerhead turtles in the 
Central Mediterranean Sea in relation to the main oceanographic parameters 
characterizing the crossed regions. In particular, we focused on the influence of the 
seasonal variation of sea surface temperature both on the regulation of north-south 
shuttling migratory pattern and on the turtles’ diving behaviour.  
 
 
MATERIALS AND METHODS 
 
Turtles and transmitters. During the years 2003-2006, data on the at-sea 
behaviour of 5 loggerhead turtles (Table 5.1) were provided by transmitters (platform 
transmitter terminals, PTTs) linked to the Argos satellite system (Taillade 1992, 1998; 
French 1994). One adult male (Bepi) and 2 adult females (Greca and Elisa) were found 
stranded on the beach or rescued from fishing trawls, respectively, in northern Adriatic 
waters and rehabilitated thanks to the efforts of a local voluntary organisation 
(ARCHE') and of the Experimental Zooprophylactic Institute of Ferrara, Italy. Greca 
had already been tagged by ARCHELON, the Sea Turtle Protection Society of Greece, 
after her 1996 nesting in Kyparissia Bay, Greece. The other 2 turtles, which were 
incidentally captured in trawl nets along the southern coast of Tuscany, northern 
Tyrrhenian Sea, were rescued and rehabilitated by the sea turtle rescue centre of the 
Acquario Comunale di Grosseto, Italy. They were one sub-adult female (Eva) and one 
juvenile (Eleonora). All the 5 tracked turtles were measured, tagged and released in 
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healthy conditions from beaches less than 60 km away from the sites where they had 
been found (Table 5.1).  
The turtles were equipped with 2 different models of transmitter (Table 5.1), 
manufactured by Telonics (Mesa, AZ, USA). Transmitters were deployed using 
standard attachment procedures (Balazs et al. 1996; Papi et al. 1997). The carapace was 
first lightly abraded by sandpaper and subsequently cleaned thoroughly with acetone. 
PTT were attached to the top of the carapace with glass-fibre cloths and epoxy resin for 
Bepi and with a special epoxy resin (Power-Fast by Powers Fasteners, Inc., Brewster, 
NY, USA) for the other turtles. Bepi, Greca and Elisa were equipped with transmitters 
set up with a duty cycle of “continuously on”, whilst PTT deployed on Eleonora and 
Eva emitted with a 48-hour cycle scheduled as represented in Fig. 5.1.  
The Argos system assigns a level of decreasing accuracy to fixes with classes 3, 2 
and 1 being the most accurate (generally within 1 km of the true position), while classes 
0, A and B have an approximation that is to be determined by the user. The routes 
followed by the turtles were reconstructed disregarding those low-quality locations 
which were clearly erroneous either because they were on land or because they led one 
to infer ground speed values exceeding a threshold estimated from high-accuracy 
locations only (5 kmh-1; see also Luschi et al. 1998; Papi et al. 2000). Mean ground 
speed values were calculated by dividing the beeline distance between successive fixes 
by the time elapsed between them.  
In addition to locations, satellite transmitters provided us with information about 
the at-surface water temperatures and about the turtles’ diving parameters. Data on the 
number of dives as well as the mean and maximum dive duration were collected and 
averaged into 4-hour intervals. These processes were performed by an onboard software 
that took into account the pattern of closure of a salt-water switch suppressing 
underwater transmissions (see also Hays et al. 1999). A dive was considered to occur 
when the turtle spent more than 30 sec underwater. Submergence information could be 
obtained even when a location was not provided. The percentage of time spent 
submerged was calculated for each 4-hour interval by multiplying the number of 
submergences by their mean durations.  
The transmitters sent to the satellite the information recorded during the 4-hour 
interval before the interval of emission. This system can create problems when dives 
longer than that averaging period were made by the turtles. Specific tests have revealed 
that a given dive was considered to belong to a certain interval when it ended during the 
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interval itself. The time when the dive has begun as well as whether it has covered 
several consecutive intervals are not important for time allocation purposes; the entire 
dive duration is assigned to the interval of re-emergence (Fig. 5.2). For this reason, data 
including dive duration exceeding 4 hours as well as those leading to a percentage of 
time submerged higher than 100% were examined case by case and filtered out only 
when clearly erroneous.   
Statistical comparisons between subsets of data obtained from the same turtle (e.g. 
in different part of year or day) were limited by the lack of independence between 
multiple observations. The relation between water temperatures and turtle dive 
durations was tested through Bravais-Pearson test adjusting for autocorrelation effects 
by using the often termed “data reduction”: consecutive data were averaged on groups 
related to the same temperature interval.  
 
Satellite data. The routes followed by the turtles were analyzed in relation to 
contemporaneous false-colour images referring to environmental physical and 
biological parameters characterizing the regions crossed by the animals. Data on global 
monthly sea surface temperature (SST) were derived from the Advanced Very High 
Resolution Radiometer onboard the NOAA 14 satellite. The source data have a nominal 
spatial resolution of 9 km and have been validated to be within 0.5 °C of actual SST. 
Monthly mapped images of the chlorophyll-a pigment surface concentration were 
obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS), an 
instrument carried onboard the Aqua satellite. These data are distributed as 4 km pixel 
resolution level-3 product from Goddard Distributed Active Archive Center (DAAC) 
under the auspices of the National Aeronautics and Space Agency. 
Remote sensing images as well as bathymetry grids integrated from the GEBCO 
Digital Atlas dataset (distributed by the British Oceanographic Data Centre and 
NOAA’s National Geophysical Data Center) were handled using Maptool software, a 
product of SEATURTLE.ORG Inc. (http://www.seaturtle.org/maptool). 
 
 
RESULTS 
 
Turtles released in the Adriatic Sea. Three tracking experiments were set up in 
the autumn of 2003 and 2004 (Table 5.1). All the turtles followed a very similar 
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movement pattern inside the Adriatic basin; afterwards their tracks diverged showing a 
quite large degree of variability.    
 
The adult male Bepi left the coast of Porto Garibaldi on 3 October 2003. After 
having remained about twenty days circling slowly (overall speed 0.78 kmh-1) in a 
relatively narrow area south of Po River delta, the turtle paralleled the eastern Italian 
coast moving southward at a rate of 0.86 kmh-1 (Fig. 5.3). Once reached the extreme 
southern tip of the Apulian peninsula, on 19 December, the turtle suddenly turned 
northward with an increased speed of 1.90 kmh-1. The tracking stopped on 23 December 
2003, when the animal was in front of Durazzo (Albania), after a 1747 km journey 
which lasted 81 days.  
Figure 5.4 shows the chlorophyll-a density distribution in the Adriatic Sea in the 
month of October. A high density band characterized the Italian coastal waters, 
especially in their northernmost portion (about 5 mg/m3). The prolonged stay of the 
turtle in front of the release site is likely to be correlated with a foraging activity in 
those nutrient-rich shallow waters (Fig. 5.4 insert).  
Bepi’s diving pattern was homogeneous until 12 December, with a mean dive 
duration of 55.1 min (± 3.7 SEM, n=69). Afterwards a sole and continuous record of 
emergence period was recorded. The significance of this data is unknown, but possible 
hypotheses include a malfunctioning of the transmitter’s salt-water switches (and/or 
processor) or the death of the turtle and the persistence at surface of his corpse.   
The movement shown by this turtle strongly fits with the general current flow 
known to occur in the Adriatic basin during autumn months (Poulain 2001, Fig. 5.5). 
The south-eastward leg of the track line overlaps on the West Adriatic Current which 
flows in the same direction. The final part of the route (after that Bepi left the coast) is 
in accordance with the swift cyclonic (anticlockwise) flux of the southernmost gyre 
among those laying in the Adriatic Sea, including its sharp turn towards the Albanian 
coast. For the subsequent part of the route, the impressive accordance between the 
current flux and the shape of the final leg route substantiates the idea that the turtle was 
dead and his corpse passively drifted at surface in this period.    
 
Turtle Greca, soon after the release on 3 November 2004, moved south-eastward 
along the eastern edge of the Adriatic sea in a similar fashion as Bepi (Fig. 5.6), but 
reached the Apulian peninsula at an overall speed which was twice that of Bepi (1.75 
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kmh-1). Again, this movement corresponds with the location and direction of the West 
Adriatic Current mainstream (Fig. 5.5). Afterwards, the turtle continued her south-
eastward movement, crossed the Strait of Otranto and approached the region between 
Zakinthos Island and the Peloponnese (Fig. 5.6). From the end of December till late July 
she carried out restricted movements in the coastal shallow waters of western 
Peloponnesian coast. On 23 July 2005 Greca was witnessed nesting once on the beach 
of Kiparissia Bay (Alan Rees, pers. comm.). After nesting, the turtle headed back 
towards southern Italy with an open-sea leg that brought her off the Gulf of Taranto. 
The 3714 km-long tracking stopped 21 days after the previous contact. The turtle was 
localised within the Adriatic Sea close to the Bosnian coast, but the lack of intermediate 
locations prevented a detailed route reconstruction in this period.  
The long-lasting tracking allowed us to highlight an important seasonal variation 
in the diving behaviour of turtle Greca. From release time onwards, mean dive durations 
(averaged on 4-hour intervals) progressively increased reaching the maximum values 
during February and March (138.7 min ± 14.6 SEM, n=50) and subsequently dropped 
with the summer approaching (Fig. 5.7): in June and August, mean dive duration was 
6.0 min (± 0.5 SEM, n=85) and was therefore considerably lower than the winter one. 
The turtle diving behaviour appeared to be related to water temperature recorded by the 
transmitter (Fig. 5.8a) with an increase in dive duration which coincided with a decrease 
in sea surface temperatures (Bravais-Pearson test, r=-0.767; P=0.0008; n=15). A clear 
increase in the slope of the curve was observed to occur in correspondence to 20°C.    
In February, when remote sensing images indicated a sea surface temperature of 
15°C, Greca was sojourning in the shallow waters south of the Gulf of Patras. The 
longest dive recorded during the whole tracking (308 min) occurred in this period (Fig. 
5.8b). On the other hand, 87 min was the longest time spent underwater during summer 
months, when the turtle was in the warm waters (SST of around 26°C) of Kiparissia 
Bay (Fig. 5.8c). It is worth noting that, because of the very low levels of primary 
productivity recorded during the winter along the continental shelf edge of the western 
Peloponnesian coast (chlorophyll-a concentration: 0.2-0.5 mg/m3), the prolonged stay in 
that region was reasonably assumed not to be related to an intense foraging activity, but 
rather to a resting status of the turtle. 
 
The 6699 km-long journey of turtle Elisa started on 3 November 2004 with a 
rapid south-eastward movement parallel to the Italian coast at an overall speed quite 
166
                                                              Loggerhead turtles in the Central Mediterranean 
similar to that of Greca (1.88 kmh-1). Once left Cape of Otranto, Elisa then continued 
south (Fig. 5.9), circled for over one month in a relatively narrow offshore area west of 
the Peloponnese and in February 2005 approached the Greek coast. Within one and a 
half month, she swam along the Peloponnesian peninsula at a rather slow rate (0.55 
kmh-1), then turned east passing through the Archipelago of Cyclades and finally 
reached the Saronic Gulf. The 6-week stay in this region was followed by a rapid 
southward transfer that led the turtle directly to the northern coast of Crete Island (7-day 
trip at an overall speed of 1.97 kmh-1). After having partly circumnavigated the island in 
late July, Elisa spent the most of the summer along its southern coast before moving 
north and returning along the western coastline of continental Greece. The return 
journey was covered at an overall speed of 2.06 kmh-1 and the tracking stopped on 26 
August 2005, in front of the Montenegrin coast, when the turtle was possibly on the way 
back to northern Adriatic.            
Also in this case a strong correlation between the West Adriatic Current flow and 
the initial southward turtle movement was observed and a seasonal variation of the 
diving activity was recorded (Fig. 5.10a). A substantial influence of the water 
temperature on the turtle diving behaviour was shown by considering the negative 
correlation (Bravais-Pearson test, r=-0.769; P=0.0008; n=15) between dive durations 
and sea surface temperatures recorded by the transmitter (Fig. 5.10b). Also in this case 
we recorded a clear change in the slope of the curve corresponding to 20°C. Given the 
complexity of the route, the diving pattern analysis was carried out treating separately 
four principal phases in relation to the oceanographic conditions experienced by the 
animal. 
During the phase A, from the release to the first approach to the Greek coast, a 
mean dive duration of 31.7 min (± 3.1 SEM, n=104) was recorded. Phase B included the 
coldest winter period (from mid February to mid March) when the turtle lingered in the 
shallow waters around the Gulf of Messinia (Fig. 5.10c, d) and the mean dive duration 
was 117.5 min (± 20.8 SEM, n=18). SST image averaged on February showed the water 
temperature was 15 °C when the turtle made the longest dive of the entire tracking: 273 
min (Fig. 5.10d). After an abrupt decrease in mean dive duration corresponding to the 
active movement along the Peloponnesian coast and across the Cyclades Archipelago 
(phase C, Fig. 5.11a, b), the time spent underwater by Elisa rose again in phase D 
(means 6.1 min ± 0.6 SEM, n=17 and 16.4 ± 3.2 SEM, n=60 respectively), when she 
reached the shallow waters inside the western Saronic Gulf and there stayed for more 
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than one month (Fig. 5.11c). The sea surface temperature measured by the transmitter in 
this period still was rather low (16-17°C). The diving pattern changed in phase E, with 
the summer approaching. In fact, from the moment the turtle left continental Greece to 
cross the Cyclades Archipelago, circumnavigated Crete Island and went back towards 
the Adriatic Sea, mean dive time was constantly low (4.7 min ± 0.3 SEM, n=83), even 
during the very long stay in the inshore waters of the Gulf of Mesara (Crete Island), 
where the turtle stayed close to the beach (Fig. 5.11d).  
 
Turtles released in the Tyrrhenian Sea. Two turtles of different life stages (one 
juvenile and one sub-adult) were tracked during the years 2005 and 2006. Both of them 
were released on the beach of Alberese, in southern Tuscany, on 19 July 2005 (Table 
5.1). The juvenile performed restricted movements in a narrow coastal area near the 
release site, whilst sub-adult moved over wide regions of the Central Mediterranean 
basin.    
 
Soon after the release, the juvenile turtle, named Eleonora, moved south, then   
spent two weeks in front of Mount Argentario and subsequently headed decidedly north 
keeping herself in shallow waters (less than 100 m depth) (Fig. 5.12). From mid August 
the turtle sojourned in the Gulf of Follonica actively circling in inshore waters. Given 
the high level of chlorophyll-a concentration (2-4.5 mg/m3) shown by contemporaneous 
ocean colour image (Fig. 5.13), Eleonora was likely to be foraging in this nutrient-rich 
region. The 688 km-long tracking abruptly stopped on 19 November when the turtle 
was found drowned in a trawl net by the very same fisherman who had rescued her 
several months in advance.        
Throughout the tracking period sea surface temperature was progressively getting 
lower and, at the same time, the turtle’s mean dive duration increased according to a 
negative correlation between the two parameters (Bravais-Pearson test, r=-0.955; 
P=0.00002; n=10) (Fig. 5.14). The average dive durations in July-August and in autumn 
months were 11.8 min (± 1.2 SEM, n=44) and 30.5 min (± 2.1 SEM, n=77) 
respectively. Maximum time spent underwater by Eleonora was 198 min in the month 
of November.    
 
The subadult turtle, Eva, headed immediately offshore, at right angle to the 
shoreline (Fig. 5.15). After a short loop made south of Elba Island, the turtle continued 
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west till she approached the eastern Corsican coast and followed it for a short distance. 
Having then regained the Italian coast, the turtle started to move south-eastward along it 
and arrived to the Gulf of Gaeta at the beginning of August. Eva spent about 5 weeks 
shuttling along this stretch of coastline probably benefiting by the food resources that 
are known to be available for turtles in this region (Bentivegna et al. 2001), and whose 
presence at that time can be inferred from remotely-sensed data about the primary 
productivity concentration (0.5-2.0 mg/m3) (Fig. 5.16). Subsequently, the route still 
paralleled the peninsula’s coastline up to the Strait of Messina, when the turtle circled in 
the area between Eolie Archipelago and Calabria before heading west along the 
northern coast of the Sicily. From the westernmost tip of the island Eva left inshore 
waters and headed for an open sea area south of the Pelagie Islands, where she made an 
eight-like large loop before approaching first the Malta Island and then south-eastern  
Sicily, at the beginning of March. After having remained in inshore waters for about 
one and a half month, the turtle decidedly moved north-eastward and reached the Greek 
coast between Corfu and Lefkada Islands, where her 5363 km-long journey stopped on 
13 June 2006.       
Despite the large variability of the horizontal movement pattern followed by the 
turtle (straight-line leg or circuitous segments both in inshore waters and in open sea),  
diving activity was homogeneous during the first 3 months of tracking with short dives 
usually done (Fig. 5.17). With autumn advancing, the time spent underwater 
progressively increased and reached maximum values in late winter. With a similar 
graduality, then, mean dive durations fell in spring and summer months. Water 
temperatures recorded by the transmitter along the tracking show a trend that is 
significantly correlated with that of the mean dive durations (Bravais-Pearson test,     
r=-0.746; P=0.0022; n=14) (Fig. 5.18). Also in Eva’s case, the time spent underwater 
and the sea surface temperature varied according to a negative correlation, with mean 
dive time reaching minimum values in July-August (2.7 ± 0.4 SEM, n=58) in 
correspondence to the peak of water temperature and rising up to 149.1 min (± 21.9 
SEM, n=24) in the coldest period (February-March). Again, the coming of a 
temperature of 20°C corresponded to a net change in the rate of increase of the dive 
duration (Fig. 5.18). A marked drop in dive frequency was highlighted in February-
April, when SST indicated that temperatures of the continental shelf waters where Eva 
resided, were 14°-15°C (Fig. 5.19). It was in the third week of March, when the turtle 
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was very near to shore, just in front of Cape Passero (Sicily), that her longest dive was 
recorded: 348 min.  
Figure 5.20 gives a global view of the seasonal variation pattern we have shown 
to occur in diving activity of all the tracked loggerhead turtles. A general trend is 
evidently shared by all turtles, with mean dive durations ranging from the lowest 
summer values to the highest winter ones. Since the percentage of time spent 
underwater was relatively constant throughout the year, the turtles tended to gradually 
change their diving activity with a continuing decrease in the number of dives and an 
increase in duration while passing from warm to cold season and vice versa.  
 
 
DISCUSSION 
 
The routes of the tracked turtles provided us with valuable information for 
extending the knowledge about the loggerheads’ spatial behaviour in the Mediterranean 
Sea. Only the juvenile turtle Eleonora remained close to the release site wandering 
within a rather restricted neritic area along the Tuscany coast, thus showing a 
behavioural pattern that was expected on the ground of the knowledge about the habits 
of juvenile loggerheads during this life stage (Musick & Limpus 1997; Bolten 2003). 
The other four turtles moved great distances and spread over wide regions of the Central 
Mediterranean basin most of them accomplishing a southward autumn migration 
followed in two cases by a spring-summer movement back to more northern latitudes 
(see Greca and Elisa routes). Turtle Greca was witnessed nesting on the beach of 
Kiparissia Bay (Peloponnese) which is one of the major nesting sites for the 
Mediterranean loggerheads (Margaritoulis et al. 2003). Showing a strong nesting site 
fidelity, she returned to the same nesting beach where she had already been tagged in 
1996. Therefore, we have had the good opportunity of following a prenesting migration, 
which is a phase of the Mediterranean loggerhead lifecycle for which little is known 
(Bentivegna 2002), since, so far, most satellite telemetry studies have taken into account 
the postnesting migration routes deploying transmitters on nesting females (see e.g. 
Godley et al. 2003). The study of prenesting migrations is in fact hampered by the 
difficulty of capturing and identifying female turtles in pre-laying conditions.      
Elisa had never been tagged at the nesting beach and so we cannot be sure that her 
movement towards the restricted area on the southern coast of Crete she reached after 
the fast circumnavigation of island is a prenesting migration. However, her prolonged 
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stay in the Gulf of Messinia, which is known to be a nesting site for Mediterranean 
loggerheads (Margaritoulis & Rees 2003), is probably indicative of her egg laying in 
this area. Moreover the initial part of her postnesting route back to the northern Adriatic 
appeared to be in accordance with the eastern postnesting pathway hypothesized by 
Lazar et al. (2004) for the turtles nesting in the Ionian Sea. 
Turtle Eva also had never been tagged at the nesting beach and so we have no way 
to establish whether the movement towards the coastal region where her tracking ended 
was a prenesting migration. However, the possibility that Eva might have nested here is 
suggested, as in Elisa’s case, by the presence in the reached region of one of the most 
important nesting site of the Mediterranean Sea (Margaritoulis et al. 2003). Anyway, 
this route has a relevant significance representing the first migration journey 
reconstructed through satellite telemetry for a loggerhead turtle in the northern 
Tyrrhenian Sea. The recorded migration pattern from the western to the eastern part of 
the Mediterranean basin turned out to be in accordance with analogous movements 
followed by loggerhead turtles tracked by Bentivegna (2002) while leaving the southern 
Tyrrhenian Sea.  
  As observed in other studies (e.g. Godley et al. 2003; Plotkin 2003), the vast 
majority of the migration routes covered by the adults was represented by segments 
covered along the coastlines in neritic waters. Only a few instances of generally rapid 
movements across open sea regions were recorded and in some cases (Eva in the Strait 
of Sicily and Elisa west of the Peloponnese), circuitous route legs during permanence in 
oceanic areas were observed.  
The analysis of the loggerhead turtle behaviour in relation to physical and 
biological oceanographic data obtained by means of both environmental sensors 
installed in the transmitter and remote sensing techniques, turned out to represent a 
powerful method to interpret the recorded activity pattern. 
The route leg parallel to the eastern Italian coast up to the southernmost tip of the 
Apulian peninsula was covered by Greca and Elisa at a speed twice the Bepi’s one. This 
difference might be due to a non-optimal health state of Bepi or to different conditions 
experienced by the turtles in the northern Adriatic when releases occurred and so to the 
motivation to move south. The fact that Elisa and Greca did not profit of the food-rich 
waters located in front of the Po River delta but suddenly undertook the southward 
movement soon after the release, is likely to be linked to environmental factors such as 
the photoperiod duration and the water temperature. Water temperature in particular is 
171
                                                              Loggerhead turtles in the Central Mediterranean 
known to trigger seasonal migrations in Mediterranean loggerheads (Bentivegna 2002). 
In our case, a drop in water temperature was already evident at the beginning of 
November when Greca and Elisa were released, whilst Bepi, at the beginning of 
October, found thermal conditions still suitable for remaining to forage in the region. 
Moreover, the temperature values recorded in November 2003 were higher than those 
experienced by the two females in the same period of the subsequent year. Therefore, 
these data confirm that sea temperature act as a time regulation factor triggering the 
southward seasonal migratory movement (see also Bentivegna 2002).  
The analysis of the oceanographic features highlighted that the predominant 
surface currents had a relevant role in shaping the turtles’ routes covered within the 
Adriatic basin. In particular, the initial southward routes of Bepi, Greca and Elisa turned 
out to strictly correspond to the mainstream of the swift water flow along the Italian 
Peninsula on the western side, called the West Adriatic Current (Poulain 2001; 
Cushman-Rosini et al. 2001). Moreover the last portion of the Bepi’s route, which 
consisted in an abrupt north-eastward turn, showed a striking correspondence with the 
cyclonic circulation in the northern Strait of Otranto. However, it is necessary to point 
out that the strange activity pattern recorded during this part of the Bepi’s tracking 
could have been due either to the malfunctioning of the transmitter or to the death of the 
turtle and to the consequent passive condition of his floating corpse. Also, the return 
journeys of Greca and Elisa, which ended while the turtles were moving into the 
Adriatic Sea were carried out along the northward current system which parallels the 
western Greek coast and continues along the coasts of Albania, Croatia, Montenegro 
and Bosnia forming the fast East Adriatic current (Poulain 2001; Cushman-Rosini et al. 
2001).   
Ocean colour images showed high level of chlorophyll-a density in the Adriatic 
basin, with particular reference to the northern part of it, during the autumn months. The 
prolonged stay of turtle Bepi in the northern Adriatic waters during the same period as 
well as the tendency to return back to the release region of Greca and Elisa at the end of 
the summer, confirmed the role played by this region, which hosts rich benthic 
communities, as one of the most important foraging area used by the loggerhead turtles 
in the Mediterranean Sea (Argano et al. 1992; Lazar et al. 2000, 2004). As adult turtle 
migrations seem to be resource-driven (Plotkin 2003), those waters are likely to be a 
suitable destination for loggerhead movements into the Adriatic Sea. Also in the 
Tyrrhenian Sea most of the sojourns of the turtles occurred within relatively narrow 
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areas located in coastal waters characterised by high levels of primary productivity. 
Among them Campania coast is known to be used as feeding ground by the loggerheads 
(Bentivegna et al. 2001).  
The collected dive data clearly document the occurrence of a progressive shift in 
diving behaviour with the cold season approaching and particularly strengthen the 
hypothesis that an “hibernation” phase takes place in the loggerhead turtles over-
wintering in the Central Mediterranean (Hochscheid et al. 2005). Such a hibernation 
condition is thought to consist in an intermittent dormancy which makes the turtles to 
enter a general state of inactivity, probably spent on the sea floor, infrequently 
interrupted by quick emersion intervals aimed at breathing. As it is known to occur for 
freshwater turtles (Ultsch 1989), sea surface temperature is likely to play the most 
important role in the temporal regulation of the hibernation process. This acts 
progressively with the seasonal water cooling. A marked increase in mean dive duration 
of turtle Greca, Elisa and Eva was shown to occur when water temperature reached 19°-
20°C and a threshold temperature of 14°-15°C is supposed to be the factor that induced 
the entrance into dormancy (Hochscheid et al. 2005). Actually, highest values of dive 
duration were reached by our turtles in correspondence to such a threshold. It is worth 
to note that, for all our tracked turtles, a stay in shallow waters turned out to be a 
necessary condition to the entrance in the dormant state. This is the reason why turtles 
are supposed to rest on the sea bed during the reported prolonged dives (Hochscheid et 
al. 2005). However, stay in inshore waters is not a sufficient condition for the increase 
in dive duration. This is clearly demonstrated by the generally short duration of the 
dives performed during the summer sojourns in coastal waters recorded for Elisa, Greca 
and Eva turtles.   
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Fig. 5.1 Schematic diagram of the 48-hour cycle the transmitters A-410 were set up 
with. In blue are represented the time intervals in which the PTTs were active.    
 
 
 
 
 
(a) 
(b)
 
Fig. 5.2 Two examples of diving pattern as processed by the software onboard the 
transmitter. (a) A dive (A) has lasted 5h18’, i.e. longer than the 4-hour averaged interval. 
During emergence in the 2nd 4-hour interval, data referring to the dives which have 
concluded in the 1st interval are sent to the satellite. Since no dives ended in this interval 
(which is totally covered by a submergence period) the transmitter did not record any 
dive. On the other hand, the entire duration of the dive A, which lasted 5h18’, is 
assigned to the 2nd interval, and sent during the 3rd interval. (b) A dive (A, 4h17’) has 
been done between the 1st and the 2nd interval. No dive turned out to be recorded during 
the 1st interval despite the occurrence of the 4h17’ long dive A. This one was entirely 
counted as the only dive of the 2nd interval and transmitted during the 3rd interval. The 
dive B was instead excluded from the 2nd interval, since it has not concluded in this 4-
hour period. Dur = mean dive duration; NUM = mean dive number; Max dur = 
maximum dive duration.    
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Fig. 5.3 Reconstructed route of turtle Bepi moving within the Adriatic Sea. The 
bathymetry of the basin is represented in blue-gradation. The red dot shows the location 
of the release site, whilst the red ring indicates the location where the tracking stopped. 
Dates in yellow boxes indicate the time the turtle passed through particular points of the 
track.  
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Fig. 5.4 Bepi’s route superimposed on an ocean colour (SeaWiFS) map on October 
2003, showing chlorophyll-a concentration in surface waters. Insert represents the area 
in front of the release site, where the turtle spent about 20 days soon after leaving.    
 
 
 
Fig. 5.5 Bepi’s route superimposed on a map of the autumnal surface general circulation 
in the Adriatic basin. Vectors represent mean current speeds. EAC: East Adriatic 
Current;  WAC: West Adriatic Current. Adapted from Poulaine 2001. 
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Fig. 5.6 Reconstructed route of turtle Greca tracked during 2004 and 2005. The final leg 
of the route is represented as a broken-line for it is the simple conjunction between two 
long-time distant fixes, not representing a reliable reconstruction of the route followed 
by the turtle. Other explanations as in Fig. 5.3.  
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Fig. 5.7 Changes in dive duration (4-hour interval means) throughout the tracking 
period of turtle Greca.  
 
 
(a) 
(b) (c)
Fig. 5.8 (a) Relationship between water temperature and Greca’s dive duration averaged 
over 1-degree temperature intervals (± SEM). (b) Reconstruction of the route followed 
by Greca during December-April period superimposed on a remote-sensed SST image 
recorded on February 2005. (c) SST image averaged for July 2005 shows the high water 
temperature experienced by the turtle during her summer residence in the area.  
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Fig. 5.9 Reconstructed route of turtle Elisa tracked from November 2004 till August 
2005. Other explanations as in Fig. 5.3.  
 
 
 
 
 
 
180
                                                              Loggerhead turtles in the Central Mediterranean 
 
Fi
g.
 
5.
10
 
(a
) 
D
iv
e 
du
ra
tio
n 
(a
ve
ra
ge
d 
on
 
4-
ho
ur
 i
nt
er
va
ls
) 
al
on
g 
th
e 
tra
ck
in
g 
pe
rio
d 
of
 
tu
rtl
e 
El
is
a.
 R
ec
ta
ng
le
s 
id
en
tif
ie
d 
by
 
ca
pi
ta
l 
le
tte
rs
 in
di
ca
te
 th
e 
fir
st
 
tw
o 
ph
as
es
 c
on
si
de
re
d 
fo
r t
he
 a
na
ly
si
s 
(s
ee
 th
e 
te
xt
 
fo
r 
de
ta
ils
). 
(b
) 
R
el
at
io
ns
hi
p 
be
tw
ee
n 
w
at
er
 t
em
pe
ra
tu
re
 a
nd
 
di
ve
 
du
ra
tio
ns
 
av
er
ag
ed
 o
ve
r 1
-d
eg
re
e 
te
m
pe
ra
tu
re
 
in
te
rv
al
s 
(±
 
SE
M
). 
(c
) 
R
ou
te
 
fo
llo
w
ed
 b
y 
th
e 
tu
rtl
e 
in
 w
in
te
r 
m
on
th
s. 
Th
e 
ba
th
ym
et
ry
 o
f t
he
 b
as
in
 
is
 
sh
ow
n 
in
 
bl
ue
-
gr
ad
at
io
n.
 
(d
) 
Fi
xe
s’
 
di
st
rib
ut
io
n 
ar
ou
nd
 t
he
 
G
ul
f 
of
 
M
es
si
ni
a 
su
pe
rim
po
se
d 
on
 
a 
re
m
ot
el
y-
se
ns
ed
 
SS
T 
im
ag
e 
re
co
rd
ed
 
on
 
Fe
br
ua
ry
 2
00
5 
 
 
 
(d
)
(c
)
(a
)
(b
)
181
                                                              Loggerhead turtles in the Central Mediterranean 
 
Fi
g.
 
5.
11
 
(a
) 
D
iv
e 
du
ra
tio
n 
(a
ve
ra
ge
d 
on
 
4-
ho
ur
 
in
te
rv
al
s)
 
al
on
g 
th
e 
tra
ck
in
g 
pe
rio
d 
of
 E
lis
a 
tu
rtl
e.
 R
ec
ta
ng
le
s 
 i
de
nt
ifi
ed
 b
y 
ca
pi
ta
l l
et
te
rs
  i
nd
ic
at
e 
th
e 
ot
he
r 3
 
ph
as
es
 c
on
si
de
re
d 
fo
r t
he
 a
na
ly
si
s 
(s
ee
 th
e 
te
xt
 fo
r d
et
ai
ls
). 
(b
) R
ou
te
 
le
g 
fr
om
 th
e 
Pe
lo
po
nn
es
e 
to
 re
ac
h 
th
e 
Sa
ro
ni
c 
G
ul
f. 
(c
) 
Fi
xe
s’
 
co
nc
en
tra
tio
n 
in
 in
sh
or
e 
w
at
er
s 
of
 
th
e 
w
es
t 
Sa
ro
ni
c 
G
ul
f. 
(d
) 
D
is
tri
bu
tio
n 
of
 
th
e 
lo
ca
tio
ns
 
co
lle
ct
ed
 d
ur
in
g 
th
e 
su
m
m
er
 s
ta
y 
of
 
El
is
a 
in
si
de
 
th
e 
G
ul
f 
of
 
M
es
ar
a.
 O
th
er
 e
xp
la
na
tio
ns
 a
s 
in
 
Fi
g 
5.
10
.  
 
 
 
 
(d
)
(a
)
(c
)
(b
)
 
 
182
                                                              Loggerhead turtles in the Central Mediterranean 
 
 
 
 
 
 
 
 
 
 
Fig. 5.12 Reconstructed route of Eleonora along the coast of the southern Tuscany. 
Negative numbers label water depth contours. Other explanations as in Fig. 5.3. 
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Fig. 5.13 Ocean colour 
image recorded in October 
showing the chlorophyll-a 
concentration in the shallow 
waters of the Gulf of 
Follonica, where Eleonora’s 
locations were concentrated 
during autumn months.    
 
 
 
 
Fig. 5.14 Relationship between water temperature and Eleonora’s dive durations 
averaged over 1-degree temperature intervals (± SEM). 
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Fig. 5.15 Reconstructed route of turtle Eva which covered vast regions of the Central 
Mediterranean Sea. Other explanations as in Fig. 5.3. The box indicates the Gaeta Gulf, 
where turtle remained for more than one month (see Fig. 5.16 and text for details).  
 
 
Fig. 5.16 Locations of turtle 
Eva in August and  September 
2006. They are superimposed 
on a contemporaneous ocean 
colour image recorded in the 
surroundings of Gaeta Gulf 
(North Campania). 
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Fig. 5.17 Dive duration (averaged on 4-hour intervals) trend along the tracking period 
of Eva turtle. 
 
 
 
 
 
 
 
Fig. 5.18 Relationship between water temperature and Eva’s dive durations averaged 
over 1-degree temperature intervals (± SEM). 
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Fig. 5.19 Locations collected during the 
coldest tracking period (1 February - 15 
April) in the region between Malta 
Island and the south-easternmost tip of 
the Sicily Island. Background picture is 
a SST image recorded on March 2006. 
The arrow indicates the movement 
direction of turtle Eva. 
 
 
 
 
Fig. 5.20 Dive durations of all loggerhead turtles during the tracking period averaged 
over 4-hours. All datasets were related to a common yearly scale and plotted on the 
same time axis.  
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6.  
GENERAL CONCLUSIONS 
 
 
The present research has allowed us to highlight several aspects of the behavioural 
strategies evolved by three different sea turtle species to live in the marine environment. 
They have demonstrated to be able to face the challenges of spending almost all their 
life in a movable medium, by using species-specific behavioural adaptations.  
The integration of oceanographic information with satellite-derived turtles’ routes 
has been shown to be an essential tool for a better understanding of the at-sea turtle 
behaviour. The study of the relationship between the turtles’ routes and the 
environmental factors characterizing the regions crossed by these animals provided us 
with a valuable key of interpretation of the recorded variability of migratory and 
behavioural patterns.   
In fact, despite the similarity in their general lifecycle, leatherback, green and 
loggerhead turtles display major differentiation in the migratory habits, especially 
evident when the relationship between the oceanic routes followed by these animals and 
the environmental conditions they have to deal with, is considered.   
Our findings indicate that such variations in lifecycle mainly depend on the 
differing foraging ecology of these species, but also on the physiological constraints that 
can limit their geographical and vertical (along the water column) distribution and can 
condition their activity levels. It is then worth to note that feeding habits are largely 
linked to the distribution and the biology of turtle favourite food resources, which in 
their turn are influenced by the variable oceanographic features.   
The movement pattern of the leatherback turtles tracked in the South-west Indian 
Ocean has been demonstrated to be deeply influenced by the surface current circulation 
and related features. The main reason of the evolution of this strategy is supposed to be 
the nature and the behaviour of the prey preferred by this turtle species. Leatherbacks 
spend most of their life in epipelagic environment far away from the coast, searching for 
planktonic prey whose distribution is quite variable and patchy in space and time, and 
their movements are closely linked to the surface current circulation. From this point of 
view, the large-scale wanderings of leatherback clearly distinguish the inter-
reproductive habits of this species from those of the green and the loggerhead turtles. 
Such movements are better described as prolonged sojourns in extended feeding areas 
rather than true migrations (see Luschi et al. 2003). Indeed, South African leatherback 
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postnesting movements are apparently not oriented towards specific areas but appear to 
be determined by the water fluxes which directly (mechanically) influence their routes 
and also strongly determine the differential availability of their prey.  
The diving activity of leatherback turtles turned out to considerably depend on the 
prey distribution too. Both the daily and the seasonal variations in diving depth were 
conditioned by diurnal and nocturnal fluctuations of the Deep Scattering Layer (see 
Chapter 3.3) and probably by the seasonal and latitudinal differentiated distribution of 
their gelatinous prey. In particular, the variation of water temperature recorded during 
the austral winter approaching was likely to be responsible for the shallower location of 
the food resources at any latitude. Therefore, it can be stated that cold temperatures 
could constitute a limiting factor linked to physiological constraints in tolerating 
thermal variations. However, in considering this hypothesis it is important to take into 
account that leatherbacks are the only extant reptiles provided with some kind of 
thermoregulation, being able to maintain a deep body temperature at least 18°C higher 
than the ambient temperature of cold water (Spotila et al. 1997; McMahon & Hays 
2006).    
The movement pattern of migrating green turtles has been shown to be deeply 
different from that observed for leatherbacks. Again, a major role in determining such a 
difference is played by the feeding ecology of adult green turtles: in fact, they are 
strictly herbivorous and feed mainly browsing on macroalgae on the sea floor. Since 
they are thought not to feed during the open-sea migration to the nesting area, their 
tendency to accomplish quite straight postnesting migrations towards their spatially-
defined neritic foraging grounds can be interpreted as aiming at limiting the energetic 
costs. Once they left their nesting areas, tracked females seemed to cross the open sea 
regions directly orientating towards an intended target. These turtles have been shown 
neither to compensate for the current drifting action nor to move in accordance with the 
water flux. Their tracks are instead oriented towards a direction resulting from the 
composition of that current action and of their active swimming in a wanted direction. 
Thus, despite the plausible need to limit the time spent in open ocean, green turtles 
appeared not to have evolved specific mechanisms useful to compensate for the current 
drift in the open sea in order to reach residential quarters as soon as possible. Indeed, 
they may be supposed to adopt a strategy which allows them to achieve a compromise 
between the postnesting migration time and the energetic costs associated to the 
swimming activity. 
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Loggerheads have been shown to have a spatial behaviour intermediate between 
those of leatherback and green turtles. In our study adult-sized turtles, feeding mostly on 
benthic prey but being also able to exploit planktonic food resources with an open sea 
distribution (Bjorndal 1997), tended to maintain close to the coast, but often carried out 
circuitous and even prolonged excursions in zones far away from the continental shelf 
often characterised by high level of biological productivity. Moreover, loggerhead 
postnesting movements have a truly migratory nature which made the turtles move 
towards spatially defined target areas: shallow water residential quarters which the 
animals show to be faithful to (Plotkin 2003; Schroeder et al. 2003). The data collected 
in this study highlighted how the considerable variation in surface water temperature of 
the Mediterranean Sea throughout the year is responsible for the occurrence of regular 
seasonal migrations and for the contemporaneous fluctuations in the turtle diving 
activity. Such an environmental factor, rather than the prey ecology is supposed to be 
most relevant for this species which is not able to maintain a body temperature higher 
than that of the surrounding water.  
Finally, the results reported by the present work clearly show the fact that a 
reliable interpretation of the sea turtle movements is impossible to achieve without 
considering the oceanographic conditions whose occurrence and seasonal variations the 
different species have to deal with. Afterwards, such an aspect should be considered 
also in developing effective defence strategies of the sea turtles, since it has important 
implications for the evaluation criteria of the possible exploitation of the oceanic 
regions by turtles in different life-stages as well as of the health state of marine 
environments frequented by these animals. For instance, as the turtle movement pattern 
and, in some cases, the prey distribution is strongly linked to the surface water 
circulation, knowledge about the seasonal trend of major current systems represents an 
essential instrument to plan conservation projects.   
Moreover, since turtles were shown to preferably frequent regions characterised 
by high level of biological productivity, evidence of the presence of different turtle 
species and knowledge of their specific habitat requirements would represent reliable 
and easily usable indicators of the health conditions of a given oceanic region.  
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